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ABSTRACT
In today’s world, Printed Circuit Boards, also known as PCBs, are
part of our daily lives. However, it is currently difficult for
students in university classes or hobbyists to quickly produce
custom made PCBs since no system exists where every step in the
production process is on one platform. There are four main steps
that go into manufacturing a PCB once it is fully designed which
are: milling, solder dispensing, component placement, and a reflow
process. The goal will be to create various toolheads and place
them onto a single platform allowing the user to perform the
aforementioned production processes. After the design and
manufacturing of these toolheads, functionality of the system was
tested. Although single components of the system work, the entire
system is not currently able to function in synchrony. This means
there is still a lot of user input for the system such as having to use
outdated operating systems, place the components in the
component tray and move the board three times throughout the
process.

iii

TABLE of CONTENTS
1.

2.

3.

Abstract
Introduction
1.1.
Background and Motivation
1.2.
Review of Field and Literature
1.3.
Statement of Project Objectives
System-Level Chapter
2.1.
Customer Needs and System-Level Requirements
2.2.
User Scenario and Explanation
2.3.
Functional Analysis
2.3.1.
Functional Decomposition
2.3.2.
Specific List of Inputs, Outputs, and Constraints
2.4.
Benchmarking Results
2.5.
Key System-Level Issues, System Options
2.6. Layout of System-Level Design with Main Subsystems
2.7. Team and Project Management
2.7.1.
Project Challenges and Constraints
2.7.2.
Budget
2.7.3.
Timeline
2.7.4.
Design Process
2.7.5.
Risks and Mitigations
2.7.5.1.
Design Implementation of Containment System
2.7.6.
Team Management
Subsystems Chapter
3.1. PCB Platform
3.1.1.
Intro to Roles and Requirements
3.1.2.
Platform Assembly and Mounting Description
3.1.3.
Supporting Finite Element Analysis
3.2.
Solder Dispensing
3.2.1.
Intro to Roles and Requirements
3.2.2.
Summary of Options and Tradeoffs
3.2.3.
Detailed Design Description
3.2.4.
Supporting Analysis of Design
3.3.
Pick and Place
3.3.1.
Intro to Roles and Requirements
3.3.2.
Summary of Options and Tradeoffs
3.3.3.
Detailed Design Description
3.3.4.
Supporting Analysis of Design
3.4.
Reflow Solder
3.4.1.
Intro to Roles and Requirements
3.4.2.
Summary of Options and Tradeoffs
3.4.3.
Detailed Design Description
3.4.4.
Supporting Analysis of Design

iv

Page

iii
1
1
1
4
5
5
7
7
7
8
8
10
12
12
12
13
15
16
17
20
20
21
21
21
21
22
24
24
24
24
26
26
26
27
27
30
30
30
31
33
36

3.5.

4.

5.
6.
7.
8.
A.
B.
C.
D.
E.
F.
G.
H.
I.
J.
K.

Robotic Systems
3.5.1.
Intro to Roles and Requirements
3.5.2.
Positioning of Milling Tool
3.5.3.
Positioning of Solder Dispenser and Pick and Place
3.6.
Control Hardware
3.6.1.
Toolhead Electronics
3.6.2.
Central System Processor
3.7.
Software
3.7.1.
Intro to Roles and Requirements
3.7.2.
Summary of Options and Tradeoffs
3.7.3.
Detailed Interface Description
3.7.4.
Supporting Analysis of Design
System Integration, Testing and Results
4.1.
High-Level Block Diagram
4.2.
Solder Dispensing
4.2.1.
Unit Test Setup and Protocol
4.2.2.
Test Results
4.3.
Pick and Place
4.3.1.
Unit Test Setup and Protocol
4.3.2.
Test Results
4.4.
Reflow Solder
4.4.1.
Unit Test Setup and Protocol
4.4.2.
Test Results
4.5.
Complete PCB Prototyping Platform
4.5.1.
Unit Test Setup and Protocol
4.5.2.
Test Results
Costing Analysis
Business Plan
Engineering Standards
Summary
Works Cited
Detailed Calculations
PDS
Detail, Assembly Drawings and Bill of Materials
Experimental Data
Decision Matrix and Market Research Interviews
Timeline, Gantt Chart, Budget and Business Plan Spreadsheets
Design Sketches
Information from Manufacturers
User Manual
Code
SDC Presentation Slides

v

36
36
36
37
37
37
38
39
39
39
39
42
43
43
44
44
44
45
45
45
47
47
49
55
55
56
58
59
60
62
64

LIST of FIGURES
1.

2.
3.

4.

Page
1.1.
1.2.
1.3.
1.4.

LPKF Protomat 91s Milling PCB
Conventional Solder Dispenser
Conventional Pick and Place
Conventional Infrared Reflow Oven

2
2
3
3

2.1.
2.2.

Functional Decomposition
Layout of System-Level Design with Main Subsystems

7
12

3.1.
3.2.
3.3.
3.4.
3.5.
3.6.
3.7.
3.8.
3.9.
3.10.
3.11.
3.12.
3.13.
3.14.
3.15.
3.16.
3.17.
3.18.

Cart with Mounted Protomat and Robot Arm
Free Body Diagram.
Deflection of the Particle Board After the Simulation
Final Solder Dispenser Design Rendering
Prototype Solder Dispenser Rendering
Schematic Drawing of Vacuum and Release Valve
Picture of Solenoid Valve Setup
Schematic of Relay
Nipple at the End of the Hollow Shaft
Component Being Placed During Test
Component Tray with Components
Component Tray Holder
Temperature Profile for Solder Reflow
Label Tempco CRA Linear Heater Assembly
Assembly Drawing of Infrared Heater and Stand
Label Picture of Design
Function Diagram for Java
Flow Diagram of Software

22
22
23
24
25
28
28
28
29
29
30
30
31
33
34
35
41
42

4.1.
4.2.
4.3.
4.4.
4.5.
4.6.
4.7.
4.8.
4.9.
4.10.
4.11.
4.12.
4.13.
4.14.

High-Level Block Diagram
Well Placed Battery Holder
Poorly Placed Resistor and LED
Pad Size of Battery Holder
Well Placed Switch
Thermocouple Setup
Lamp Running at 100% from Cold
Lamp Running at 100% with Warm Up
Ideal Reflow (Blue) and Thermocouple Reflow (Red)
Ideal PCB Layout (Not to Scale)
Worst Case PCB Layout (Not to Scale)
Adjusted Reflow (Blue) and Thermocouple Reflow (Red)
Adjusted Reflow Curve with Cooling
Platform Confidence Plotted Versus Batch Size

43
46
46
46
46
47
49
50
51
52
52
53
54
55

vi

8.

8.1.

Complete PCB Prototyping Platform

vii

63

LIST of TABLES
2.

3.

4.

5.

Page
2.1.
2.2.
2.3.
2.4.
2.5.
2.6.
2.7.
2.8.
2.9.
2.10.
2.11.
2.12.
2.13.
2.14.

Customer Needs with Interpreted Design Requirements
Target Customers
System Inputs, Outputs and Constraints
Existing Comparable Products
Budget for Pick and Place
Budget for Solder Dispenser
Budget for Reflow Solder Station
Manufacturing Safety Risks
Assembly Safety Risks
Test/Operation Safety Risks Part I
Test/Operation Safety Risks Part II
Display Safety Risks
Storage Safety Risks
Disposal Safety Risks

6
7
8
9
14
14
15
17
17
18
19
19
19
19

3.1.
3.2.
3.3.
3.4.
3.5.
3.6.

Solder Dot Size Requirement
Various Nozzle Sizes Used
Masses of Components
Summary of Design Options
Key for Labeled Picture of Design
Robotics Systems Requirements

25
29
29
32
35
36

4.1.
4.2.
4.3.
4.4.
4.5.

Results from Picking Up and Placing Down
Emissivity of Aluminum Tape and Solder Paste
Heating Rates for Solder Paste from Manufacturer
Predicted and Final Duty Cycles
Adjusted Slopes, Predicted and Final Duty Cycles for Worst Case

45
48
48
50
53

5.1.

Costing Analysis

58

viii

1. Introduction
1.1. Background and Motivation
Printed circuit boards, or PCBs, are essential in most of the technologies that are used daily.
While the manufacturing process and design of printed circuit boards is well known and widely
used, an affordable, personal, all-in-one prototyping platform is not currently available. A
personal prototyping machine targets a large market of users, from academic to personal
engineering projects. The current process of getting a printed circuit board made for a single
user requires sending the design to a fabrication house which can take multiple weeks and cost
up to $100 per board[1]. These boards have a very high level of accuracy and precision, but lack
cost effectiveness and time efficiency for prototyping or home use. Prototypes typically do not
require the accuracy of a final product because they are one of multiple iterations. Prototypes are
used to find system design flaws for product testing. A prototyping machine would reduce the
cost and turnaround time between design iterations, while still holding a good enough accuracy
for prototyping and hobby projects.
1.2 Review of Field and Literature
The PCB prototyping machine is composed of four major subprocesses to print the circuit. The
four steps are trace isolation, solder paste dispensing, component placement and reflow
soldering. The traces are made on a insulated copper board where the copper around the circuit
path is removed. Once the traces are completed, the board needs to be cleaned of all the excess
chips so there is no interference when placing the solder paste. After the board is cleaned, solder
paste is placed in small dots at the connection points where the components will be placed. A
pick and place machine is then used to pick up the components and place them in the correct
location. Finally, the board is placed in a reflow oven to solidify the solder.
Trace Isolation:
There are two main methods of creating the electrical traces for a PCB. The methods are
isolative milling and chemical etching. Both methods start with a blank copper board and create
traces by removing the material surrounding them. Milling accomplishes this by using an
endmill spinning at high speed to cut the surrounding material away. Chemical etching uses
ferric chloride to dissolve the surrounding material. When done properly, chemical etching can
produce more accurate and detailed results. It is much easier to make a board with very small
traces using this method, as the size of the milling tool does not limit the cuts that can be made.
However, chemical etching is not an easy process, as it requires lengthy setup in order to
properly mask the traces from the chemical etchant. The Ferric Chloride used is also toxic to the
environment and the user.[2]
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Figure 1.1: LPKF Protomat 91s Milling PCB
Solder Nozzle:
In order to adhere the components to the circuit board, solder paste must be placed at each
contact point. The most common way to dispense the solder is through a nozzle powered by an
air compressor or a stepper motor.

Figure 1.2: PCB After Solder Paste is Dispensed[3]
The factors that impact the dispensing of the paste need to be understood because it it is very
important that the dots are placed accurately and are the correct size. In order to deposit a
controlled drop, not only does the amount of paste need to be predicted, but there must also be a
force that counteracts the sum of the adhesive forces between the paste and dispenser tip plus the
cohesive forces in the paste adjacent to the tip. The dot shape has a relatively high tolerance for
different materials when the appropriate on/off time is set. The dot mass is primarily a function
of the valve frequency response and the size of the dot is a function of the height away from the
board[4].
Pick and Place:
In the past, integrated circuits, transistors, passives, or other components would be inserted into
holes drilled into the board and soldered together on the bottom of it, this is known as a through
hole. Surface mounting components, however, has become more popular because these
components are not only lighter and smaller, but also allow for more space for routing
2

conductors in the sublayers. This Surface Mount Technology, SMT, allows for machines such as
a pick and place to be used for rapid placement of components.

Figure 1.3: Conventional Pick and Place[5]
Reflow Process:
The purpose of the reflow process is to heat up and cool the solder paste according to a specific
heat rate curve in order to solidify the solder. The reflow process is broken down into four
stages; preheating, activating the flux system, melting of the solder paste and the rapid cooling.
The rate of heating for the reflow oven is set to be 0.5-0.6 ℃/s and for the melting of the solder
paste it is to be 1.3-1.6 ℃/s[6].

Figure 1.4: Conventional Infrared Reflow Oven[7]
However, the melting point of the solder paste depends on the composition of that particular
solder paste. An example of a composition of solder paste is Sn42/Bi57.6/Ag0.4; a solder paste
that does not contain lead and has a relatively low melting temperature (138o C)[Appendix H]. In
order to accomplish the temperature profile, duty cycles can be determined for the varying slopes
throughout reflow or buy using multiple, different wattage heat sources. An infrared heating
element is commonly used for the reflow process as these type of heaters are designed to hold a
temperature using these types of cycles and are more consistent in heat absorption[8]. If duty
cycles are used, then they are set as constants in the software because they should work for
boards of various size and complexity. This allows the reflow process to occur consistently
without the need for a temperature feedback system.
3

1.3. Statement of Project Objectives
The objective of our project is to create an all-in-one PCB prototyping platform that is cost
efficient, safe and user friendly. This includes milling out the desired traces from copper sheets,
laying the soldering paste, placing components on the PCB, and soldering these components onto
the board. Ideally, this will all be autonomous so all the user has to do is input a given design
and the end product will be a fully functioning prototype.
We want hobbyists and students to be able to quickly and effectively produce one-off PCBs
without having to pay for the board to be made at a costly and time-consuming fabrication house.
Further, we want to produce complete PCB assemblies, with soldered components, so that
students do not have to struggle with hand soldering tiny surface-mount components. We have
set our project objective to be able to fully prototype an LED flashlight on the one contained
platform.

4

2. Systems-Level Chapter
2.1 Customer Needs and System Level Requirements
From conducting interviews with potential customers, we were able to identify five main needs
that customers would require for our design to be useful to them. The target customers
associated with our project include academics, hobbyist, and professional electrical engineers.
The transcripts from these interviews can be found in Appendix E of this report. The main needs
that were found are listed below in order of importance. Within each of the main categories,
subsequent needs are listed, once again in order of importance.
1.

2.
3.

4.

5.

Product needs to save user time in design process
1.1.
Saves time on design iterations
1.2.
Saves time on manufacturing
1.3.
Saves time compared to hand soldering
Needs to be cost effective
2.1.
Cheaper in the long run
2.2.
Affordable
Mechanical Design Requirements
3.1.
Compatible with other tools
3.2.
Accurate enough to make a prototype
3.3.
Shows all steps
User Interaction Requirements
4.1.
Easy to use
4.2.
Can be used for multiple education levels
4.3.
Compatible with common file types
Appeal for all-in-one platform
5.1.
Allows people to produce PCBs
5.2.
Produces prototype in short time
5.3.
Strictly for prototyping

From the customer needs listed above, the interpreted design requirement for each need was
evaluated along with the design constraint that governs that design requirement. This
information was then organized into Table 2.1.
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Table 2.1: Customer Needs with Interpreted Design Requirements
Customer Need

Interpreted Design Requirement

Design Constraint

Saves time on design iterations

Machine takes less time than
sending to fabrication house

PCB prototyping time[Appendix B]

Saves time on manufacturing

Machine takes less time than
sending to fabrication house

PCB prototyping time[Appendix B]

Saves time compared to hand
soldering

Reflow soldering process takes less
time than hand soldering

Reflow time[Appendix B]

Cheaper in the long run

Machine costs less than sending
prototype designs to fabrication
house over time

Machine cost[Appendix B]

Needs to be affordable

Machine costs less than buying
multiple machines

Machine cost[Appendix B]

Compatible with other tools

Toolhead parts are easily
replaceable

Use standard parts

Accurate enough to make a
prototype

Accuracy of Protomat 91s must be
enough for PCB prototyping

Precision[Appendix B]

Shows all steps

Case surrounding machine allows
users to view process

Case is made of transparent
material

Easy to use

Software must allow prototyping
process to be simple for all
potential user

User friendly user interface

Can be used for multiple education
levels

Software must allow prototyping
process to be simple for all
potential user

User friendly user interface

Compatible with common file types

Software allows design inputs from
multiple softwares

Multiple file type inputs for
prototyping

People want to produce PCBs

Machine should be available to
wide range of users

Design user interface so software
can be used by people of varying
educational backgrounds

Produces prototype in short time

Machine fully prototypes PCB in
relatively short time

PCB prototyping time[Appendix B]

Strictly for prototyping

Machine accuracy reflects accuracy
needed for prototyping

Precision/Accuracy[Appendix B]
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2.2. User Scenario and Explanation
In order to demonstrate the uses of this machine in different circumstances, the intended use of
the machine for each of the target customers was considered. In the table below, the target
customers for this machine with the intended use for each customer are listed.
Table 2.2: Target Customers
Customer

Intended Use

Student (Undergraduate)

Will use machine to learn about PCB production
process and be able to make prototypes of
circuit boards for projects

Student (Graduate)

Will use machine to prototype circuit boards for
projects and research

Professor

Will use machine to instruct students on PCB
production and for labs

Professional Engineer

Will use machine to prototype circuit boards for
personal use or for work

Hobbyist

Will use machine to prototype circuit boards

2.3 Functional Analysis
2.3.1 Functional Decomposition
In order to better understand the components involved with the design of the PCB machine, the
functions were broken down into systems that would have to be designed in order to successfully
complete the project. Below, Figure 2.1 shows the breakdown of the functions and systems
involved with the design for this project.

Figure 2.1: Functional Decomposition
It should be noted that a gerber file is a file that instructs the system step by step on what it needs
to do. This includes information regarding the traces, component locations and component
dimensions which will be utilized for generating both the CNC milling machine path and the
7

robot arm path. In the functional decomposition figure, the individual steps of the PCB
production processes are laid out, as well as the system is used in order to accomplish each
process.
2.3.2. Specific Lists of Inputs, Outputs, and Constraints
From the subsystems shown in Figure 2.1, the inputs, outputs, and constraints for each system
must be identified in order to better understand the design constraints for each. This information
is organized in tabular form and is presented in Table 2.3.
Table 2.3: System Inputs, Outputs, and Constraints
Subsystem

Input

Output

Constraints

Milling

Power from motor

Tool rotation

Torque, step angle

Solder
Dispenser

Step from stepper
motor

Lowering of plunger to
dispense paste from
syringe

Torque, step angle

Solder
Solidification

Power

Heat

Power Input, bulb
wattage, bulb efficiency,
PCB absorptivity

Pneumatic
Suction

Compressed air

Lift object

Object weight, pressure,
nozzle size

Safety
Containment

Door open

If yes, shut off power to
system

Completion of Circuit

Linear Motion

Step from Stepper
Motor

Shaft rotation

Number of step angle,
threads of rod

Stepper Motors

Power

Incremental movement

Power, torque, step angle

2.4. Benchmarking Results
Based on research from existing products on the market, machines that were capable of doing
one or two of the steps of the PCB production process were found. None of the products found
were capable of fully prototyping a circuit board on one machine. Some of these products that
are currently available can be seen in Table 2.4.
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Table 2.4: Existing Comparable Products
Manufacturer

Model

Price

Description

Voltera[9]

V-One

TBD

PCB Printer which uses
conductive pastes to print
circuitry and has integrated
soldering system

LPKF[10]

Protomat
S103

$30,000

A milling machine that is
specifically designed for
the prototyping of PCBs

AmInstrument[1

T-862

$1200

An infrared reflow
soldering workstation

VisionBot[12]

Prototype

$3000$65000

A fully automated pick and
place machine

1]

Picutre

The first option available to consumers is the Voltera. The Voltera is one of the better platforms
available as it is able to accomplish two of the four processes; making connections and soldering.
This platform creates connections using conductive paste which makes designing PCBs more
challenging for users who are not familiar with this method. The second option is the new LPKF
milling machine which is specifically designed for milling traces in copper boards. This
machine functions very similarly to our Protomat 91s but is newer and much more expensive.
The third option, the AmInstrument T-862, is a tabletop reflow soldering station that uses
infrared heating methods. This product is the cheapest on our list but still costs more than half of
the cost for our prototype. The final product that was examined is the VisionBot, which is a pick
and place machine. This machine is only able to accomplish this one aspect of the prototyping
process and, once again, is incredibly expensive on its own.
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2.5. Key System Level Issues, System Options, Tradeoffs and Rationale for Choice
CNC Milling Machine:
Since the boards produced by our system will be used for prototyping purposes, we have chosen
to mill the traces rather than chemically etch them. Milling provides a few distinct advantages to
the system. The first advantage is that a custom masking solution does not need to be created for
each different board; the user simply inputs their design files to the milling software, and their
board is instantly produced. The second advantage is that milling is faster, and doesn’t require
the user to be involved in the isolation process; the machine takes care of all of the work. For
these reasons, we decided that milling would be the most suitable method for isolating traces, in
line with our goals for the project.
The CNC milling machine is a main component for our design. It mills out the circuit from the
copper board. There were three main design options for this system. The first was building a
CNC milling machine. This process would have been very time consuming, expensive, and
challenging to give the accuracy and precision needed for the prototyping process. The second
design idea was buying a CNC milling machine from a company, but after looking at different
products it was clear that the price was beyond our budget. The third design idea was
refurbishing an old CNC milling machine to get it to work for our design. The LPKF Protomat
91s is a very accurate milling machine that was made in the 1990’s. While the controller and
software needed updating, the machine provides an accuracy and precision well within the
desired range. The third option requires the least amount of work per dollar spent. Because the
CNC milling machine is not an innovative or new part of the PCB prototyping process, it was
decided that refurbishing an existing CNC machine would be the best option.
As it was decided to use this platform for our project, the initial plan was to mount all of the
toolheads onto the Protomat. A sketch of this can be seen in Appendix G. We soon realized
though that the Protomat lacked a variable z-axis as this axis was controlled by a solenoid and
only had two possible positions. As both of the solder dispensing and pick and place toolheads
require variable heights and rotation, it was decided that hardware would have to be purchased
and either added to the Protomat or next to the Protomat in order to fix this issue.
Robot Arm:
One of the other options we considered was building our own z-axis onto the Protomat using two
stepper motors to control the pick and place and solder dispenser. A tool would have been added
to the milling tool on the Protomat 91s over the cutting surface. From there, two stepper motors
would be use to lower and raise the platform with the tool heads on it. Drawings of these
preliminary ideas can be seen in Appendix G. This design was scrapped due to the lack of space
around the CNC milling head. Due to the size of the solder dispenser and the pick and place,
fitting them onto the CNC mill without interference was not feasible. This led us to choose a
robotic arm to meet our specifications.
The other main key systems is the robotic arm. Since the CNC machine is very limited in z-axis
motion, a robotic arm was installed to carry out the motions for both solder paste dispensing and
10

component placing. Once the milling head is moved out of the way, the robotic arm has free
access over the entire PCB, meaning that it will not need to be extremely complex. A 4 axis of
freedom robot should be enough in order to reach all the locations on the PCB. On the tip of the
robotic arm, the solder dispensing and the pick and place toolhead will be attached. When the
suction nozzle is on the pick and place toolhead, it becomes the lowest point, allowing the pick
and place to interact with components. When the nozzle is taken off, the solder dispensing
toolhead is the lowest, allowing it to dispense solder dots. The most important criteria for the
robotic arm is its repeatability and its accuracy. It needs to be accurate enough in order to place
the small components and solder paste. Ideally, the specifications for precision and accuracy
will be similar to those of the Protomat 91s. It is also important that the robotic arm does not
have any vibration after it is in a location. This can be a concern especially when both toolheads
are attached since this can create a moment that the robotic arm needs to be able to handle
without vibrating the entire arm. The motion of the robotic arm is controlled by a computer
running a custom developed gerber file to .prg (the instruction format read by the arm) program.
There are several different ways of choosing the right robotic arm. We can buy a new one, use a
refurbished one, or design our own. Although there are tradeoffs with every option, we have
decided to buy a used robotic arm. By building our own, the robot arm would be designed for
our system, meaning that it would be a perfect fit. This, however, would take a long time to
design and build, and it is not an innovative part of our project so it would not be a good
allocation of time and resources. We looked into purchasing or leasing a new robot arm.
However, any arm that was precise enough for our application cost more than $20,000.
Since a new arm was far beyond our budget limitations, we looked into finding a used arm in
good condition. We ended up with a used Seiko D-Tran TT8030. This robot was in the $30,000
range when it was new, but we were able to purchase it used for only $700. More details on the
budget can be found in Appendix F. The X-Y precision of this arm is 0.005 mm, which will be
plenty for our purposes. More information from manufacturers can be seen in Appendix H. This
arm will form the moving platform to control the solder dispenser and vacuum placement tool, so
having an arm with this level of precision will provide us with a solid foundation to build our
tooling on top of.
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2.6. Layout of System-Level Design with Main Subsystems

Figure 2.2: Layout of System-Level Design with Main Subsystems
In Figure 2.2, the Layout of System-Level Design with Main Subsystems is shown. There are
two main parts to the PCB prototyping platform project. These are the various toolheads and the
software. The toolheads break down into three individual sections, which refer to where they are
located at on the platform. The milling of the traces takes place on the Protomat 91s. The solder
dispensing as well as the component placement take place on the SEIKO D-Tran TT8030 and the
solder solidification, also known as reflow, takes place underneath the IR lamp. The software
breaks down to 2 main sections. The Java program generates files to be imported to DarlSPC
software which controls the linear motion for the robot arm. Circuit CAM generates files to be
imported to Board Master software which controls the linear motion for the CNC milling
machine.
2.7. Team and Project Management
2.7.1. Project Challenges and Constraints and How They are Dealt With
The first machine that was acquired was the Protomat 91s that acted as our CNC machine. The
main issue that came from that was the fact that it did not have a variable z-axis as it was
controlled through a solenoid. This meant that it was either in a down and up position depending
on whether a circuit was being milled or not. This was an issue for the solder dispenser as well
as the component placer because both of those toolheads require a variable z-axis. This issue
was resolved through the acquisition of the Seiko D-Tran TT8030 robotic arm which allowed
both the solder dispenser and the pick and place the be on an individual z-axis.
The process of picking up components correctly also posed an issue. The main concern was over
how the pick and place would know where the center of each component is so it could be placed
properly. If the orientation or location of the component was off, it would result in improper
placement. Some pick and place machines utilize reference strips which contain prepackaged
components on a reel but this requires vision software and introduces many more variables
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regarding the possible location of the component. This method would also require users to buy
entire reels of components, which is not ideal for small batch prototyping. Instead, we 3D
printed a component tray with slots for the various components. By implementing this method,
we could find the exact location of the components and be confident that they would be in the
correct orientation for placement.
The third issue was that most of the hardware and software that were dealt with were extremely
out of date. The Protomat 91s, although a very high precision CNC router, is from the 1990’s,
and the robotic arm is also from the same decade. The software used to control both of these
robots was only available on old Windows platforms making it very inconvenient to operate.
This challenge was mainly tackled on the software side of our project as special code and
programs were implemented to deal with this.
Another major problem that had to be dealt with were all of the safety regulations that the project
had to be in compliance with. A six foot high wall was constructed in order to make sure that no
person could possibly walk into the area that the robot arm can operate in. There was also a
safety switch installed on the door, which shuts off all systems when the door opened. This was
done through the installation of a simple magnetic switch.
2.7.2. Budget
Presented in Tables 2.5-2.7 below are the budgets for each of the toolheads being designed for
this project. A spreadsheet containing the complete budget can be found in Appendix F of this
report.
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Table 2.5: Budget for Pick and Place
Item

Quantity

Price Per Unit

Total

Aquarium Pump

1

$15.13

$15.13

Nozzle Pack

1

$6.97

$6.97

Vinyl Tubing

25 ft

$4.95

$4.95

Solenoid Valve

2

$7.21

$14.42

3 Way coupling

1

$5.69

$5.69

Wire

4 ft

$0.99

$0.99

Breadboard

1

$0.00

$0.00

Component Tray

1

$0.00

$0.00

3D Printed Part

1

$0.00

$0.00

SPDT Relay

1

$1.95

$1.95

12V Power Supply

1

$9.99

$9.99

Total

$60.09

Table 2.6: Budget for Solder Dispenser
Item

Quantity

Price Per Unit

Total

CNC Motor Shaft Coupler

1

$4.73

$4.73

10CC Solder Paste Sn42Bi58

1

$27.74

$27.74

Lead Screw+Flange Nut

1

$39.25

$39.25

Aluminum Block

1

$20

$20

Stainless Steel Rod

1

$4.47

$4.47

Nema 17 Stepper Motor

1

$13.99

$13.99

Total

$110.18
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Table 2.7: Budget for Reflow Solder Station
Item

Quantity

Price Per Unit

Total

Ceramic Infrared Heater

1

$157.81

$157.81

Wiring Materials

1

$56.17

$56.17

120 V Plug

1

$2.79

$2.79

CPU Cooling Fan

1

$7.88

$7.88

Teflon Sheet

1

$8.99

$8.99

Heater Stand Materials

1

$58.10

$58.10

Bolts for Mounting

1

$0.40

$0.40

Washers for Mounting

1

$0.24

$0.24

Thermocouple

1

$9.95

$9.95

Thermocouple Amplifier

1

$14.95

$14.95

IR Blocking Glasses

1

$12.96

$12.96

Relay 240V

1

$21.89

$21.89

Aluminum Tape

1

$10.86

$10.86

Polyimide Tape

1

$6.49

$6.49

Fuse+Fuse Holder

1

$4.22

$4.22

Metal Risers

1

$6.79

$6.79

Relay

1

$6.55

$6.55

Total

$387.04

2.7.3. Timeline
We started with the goal of completing the project within 30 weeks from the start date. Initially
the eight months were going to split up into three sections; the first ten weeks conducting
research, the second ten weeks assembling hardware, and then the third ten weeks testing the
completed hardware. We were able to keep to the timeline the first ten weeks as we formulated
the idea, researched PCB manufacturing processes, and began looking into finding the main
platform to conduct the milling for the process. By the end of the first ten weeks we had limited
our options from our multiple designs for the toolheads and had a fairly certain idea of what
hardware we had to purchase in order to build the toolheads
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At the start of the second ten weeks, we began ordering parts and creating technical drawings of
parts that we planned to manufacture in the machine shop on campus. We then focused on
searching for a robotic arm that would fit into our budget in order to perform the solder
dispensing and component placement. A large part of these second ten weeks were primarily
focused on machining parts and assembling hardware, but we also had to focus a large amount of
our time abiding the safety rules laid out to us by the school. As a result we had to design and
create a barrier to surround our platform in order to ensure the safety of us and others within the
lab where we were working. Once the barrier design was approved, we were able to mount the
robot arm onto the rolling platform and begin learning how to operate it. By the end of these ten
weeks, we had mounted the robot arm, finished the hardware for reflow, and had a prototype for
the solder dispenser and pick and place tool. We also had a good understanding for the
capabilities of the robot arm at this point in time.
For the final ten weeks of the project, we began the time by mounting the CNC machine to the
platform so that its coordinates would be fixed in relation to the robot arm. Also, now that we
had a working understanding of how the robot arm operates, we were able to create Java
software that was capable of translating the coordinates from the PCB design file into a set of
commands that the robot arm could understand. Testing also began on the toolheads at this time;
the reflow curve was accurately measured using a thermocouple, and the lamp’s duty cycles
were adjusted to fit the ideal curve as closely as possible. The performance of the solder
dispenser and pick and place prototype was also thoroughly evaluated. It was discovered at this
point that the solder dispenser and pick and place toolhead needed to be redesigned, as the 3D
printed material used for the prototype could not handle the torque the part was subjected to the
stepper motor. The new design was machined from aluminum in the university fabrication shop.
Once this was complete, and the toolheads were individually tested for functionality, we could
begin running the system to determine the confidence that we had in our design. Refer to
Appendix F for more details and diagrams of our timeline.
2.7.4. Design Process
The initial design process started with doing background research on the entire PCB prototyping
process. It was clear from the beginning that multiple toolheads had to be created in order to
accomplish the goal of producing a PCB on one platform. From the background research
conducted, a better understanding was reached of the different approaches to dispensing solder
paste, placing components and solidifying solder paste. In the implementation process, CAD
models of each toolhead were created. This CAD model was then carefully referenced when the
tools were produced. The final design of the platform went through many iterations as there
were many challenges that came up along the way, most of which led to redesigns. In the final
design, multiple robots were used in order to accurately position all of the toolheads. The CNC
milling machine used its existing toolhead. A custom toolhead, carrying the solder extruder and
vacuum nozzle was designed and mounted to the robot arm. The reflow soldering process took
place under an IR lamp which is placed on the side of the robot arm, meaning that the user would
have to manually place the PCB into the reflow station.
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2.7.5. Risks and Mitigations
In order to consider all of the safety risks involved in this project, one has to consider the risks
involved with building, designing, testing and using the PCB machine. These safety risks, along
with the solution to the safety problems, are presented in Tables 2.8-2.14.
Table 2.8: Manufacturing Safety Risks
Safety Risk

Solution to Problem

Electrical Shock

Shut off power when changing wiring or
components. Make sure the system is always
grounded.

Rotating Components (Drilling)

Wear short sleeve shirts and have hair pulled
back.

Dust from drilling/sawing

Wear eye protection.

Moving Components (Robotic Arm)

Construct enclosure around the project will
prevent from anyone getting into the possible
reach zone of the robotic arm

Table 2.9: Assembly Safety Risks
Safety Risk

Solution to Problem

Electrical Wiring

When changing or modifying the wiring in
the system make sure there is no power
entering or in the machine.
In addition, the breaker for the 208V outlet
needs to be turned off.

Rotating Components (Drilling)

When changing or modifying the system
make sure all power is off, including the
Protomat 91s as well as the Seiko robotic
arm.
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Table 2.10: Test/Operation Safety Risks (Part 1)
Safety Risk

Solution to Problem

Heat from Lamp

There will be an LED indicator whenever the
lamp is in use. This will avoid people from
getting burnt while reaching into the infrared
zone.

IR radiation from Lamp

There will be an IR shield in place to prevent
any radiation reaching any bystanders.
Anyone running tests with the IR lamp is
required to wear safety glasses with an IR
shield on them.

Rotating Spindle Head

There will be a wall surrounding the machine
which when the door to the case is opened or
the case itself broken or cracked all power to
the system will cease, stopping any moving
parts before the user can come into contact
with them.

Moving Parts

There will be a wall surrounding the machine
which when the door to the enclosed area is
opened or the case itself broken or cracked all
power to the system will cease, stopping any
moving parts before the user can come into
contact with them.

Electrical Shock

There will be proper insulation making sure
that there will be no electrical shock when
touching any of the wires on the machine.
In addition, whenever any modifications are
made to the system, all power will be shut off
including the breaker on the 208V outlet.

Pressurized Air

There will be no tubing that can burst into
splinters in case it is over-pressurized (PVC).
The air pressure will also be well below what
is approved for that type of tubing.

Dust/Chips from milling Copper board

There will be a vacuum at the base of the
milling head that will dispose of all the parts
being milled away on the board.

Lead in Solder Paste

Use a lead-free solder paste for prototyping.
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Table 2.11: Test/Operation Safety Risks (Part 1I)
Rotating robotic arm

Ensure that the enclosure around the robotic
arm is unoccupied before powering up any
part of our project.

Mounted cart moving due to machine moving
around

Lock all four wheels before beginning any
operation so the cart does not move while the
system is in operation.

Table 2.12: Display Safety Risks
Safety Risk

Solution to Problem

Moving Parts and High Temperature Lamp

Encase the full system is encased with an
emergency stop switch. If the door is opened
or the case broken or cracked, the system
turns off.

Drill Bit Sharpness

Protect the user from drill bit using a guard.
Table 2.13: Storage Safety Risks

Safety Risk

Solution to Problem

Moving Parts and High Temperature Lamp

The full system is encased in a emergency
stop case. If the door is opened or the case
broken or cracked, the system turns off.

Drill Bit Sharpness

If the system is opened, the drill bit has its
own protective case that protects the user
from touching it.
Table 2.14: Disposal Safety Risks

Safety Risk

Solution to Problem

Copper Chips

Use vacuum to suck up copper chips and
dispose of vacuum bag in recycling.

Mercury from Infrared Lamp

Recycle used bulbs at a proper electronics
recycling center.
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2.7.5.1 Design Implemtantaion of Containment System
As a safety precaution, it is important to ensure that our machine cannot be activated when the
door of the enclosure is open. To do this, we have utilized a magnetic switch mounted between
the frame of the door and the door itself. This switch connects the power supply to the 120 V
relay and also connects to the microcontroller for the robot arm. There are emergency pins for
the microcontroller that have been connected in order for the machine to work, and will pause all
motion if not connected. When the door is closed, power will flow normally. However when the
door is opened, power will be disconnected from all components, pausing our machine and
mitigating the potential for harm to the user.
2.7.6. Team Management
Our approach to team dynamics was to not have a clear leader who handed tasks to members of
the group; instead we each came to an agreement on who would focus on which process of PCB
production (solder dispensing, component placing or solder solidification). In addition to these
processes, we also had a member in charge of the hardware aspects of our machines and a
member in charge of the software aspects of our project. By managing the project in this
manner, it allowed each team member to have a central topic to focus on throughout the year
while still allowing for some room to help team members that needed assistance in research or
development of designs. Overall, we felt that this approach to managing the project has been
quite effective as we have all had about equal work loads and have been able to come to some
design conclusions by the end of the year that allowed us to be prepared for assembly and testing
of the toolheads and incorporating all components onto one functioning platform.
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3. Subsystems Chapter
3.1 PCB Platform
3.1.1 Intro to Roles and Requirements
As we were using two machines in order to perform the milling, solder placement, and
component placement for this project, it was important that these two machines be fixed at two
points, where the distances between them would be known and consistent. This is quite
important because by knowing the distance between the two coordinate systems, software could
be easily developed in order to take into account this distance change so the coordinates from the
design code could be translated from the CNC coordinate system to the robot arm coordinate
system. As a result of this, it was determined that the CNC machine and robotic arm should be
mounted to a cart which would allow them to remain fixed while still allowing us to move the
platform throughout the project.
3.1.2 Platform Assembly and Mounting Description
Once the two main pieces of equipment were acquired (Protomat 91s and Seiko D-Tran TT8030,
both of these robots needed to be mounted onto one platform. A cart was a good solution for this
because it would allow for easy mobilization of the entire system with little effort. The cart that
was available needed to be refurbished. First, a new set of wheels were installed that had a
locking ability, which is one of our safety requirements to make sure the cart does not move
while the system is in operation. This required drilling two additional holes through the steel
cart on the bottom side. Next, the pre-existing platform had to be replaced due to the weak
support and the heavy masses of the Protomat and the Seiko D-Tran. In order to keep things cost
effective, particleboard was chosen as a material for the platform. Hand calculations, as well as
a finite element analysis were carried out to make sure that the particleboard would not fail or
deflect over a set limit (this is described in detail in section 3.1.3).
Next, began the procedure of mounting the Seiko D-Tran and Protomat onto the cart. The robot
arm has four holes on its base where it can be bolted down onto the cart. It was mounted on one
side allowing most of the area on the cart to be within its working area. Since the robot arm
weighs 90 kg, it put a lot of stress on the particleboard in the area that it rests on. For extra
support, two aluminum bars were placed across the bottom of the platform where the robot was
mounted. Using the straight edges of the robot arm, the holes for the protomat on the platform
could be marked out and drilled. Luckily, the Protomat had rubber studs at the bottom that were
removable and had pre-tapped holes. This allowed for the Protomat to be easily mounted down.
The most important thing while mounting the Protomat was keeping the x and y axes of the
Protomat and the robot arm as parallel as possible. If they are not aligned, a translation of
coordinates between the two systems would not be possible, making the tracing out of
coordinates for each process much more time consuming. This was tested by running the robot
arm along the side of the Protomat. A needle point was attached to the robot arm, and it was
checked if it lost contact with the side of the Protomat, or if there was deflection on the needle.
If either of those two cases happened, it meant that the two machines are not lined up perfectly.
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Since the needle point neither lost contact nor was deflected, it was concluded that the two
machines are lined up in parallel. The entire cart with robot arm and the Protomat mounted can
be seen in Figure 3.1.

Figure 3.1: Cart with Mounted Protomat and Robot Arm
3.1.3 Supporting Finite Element Analysis
Before mounting the Protomat and the robot arm onto the platform, a Finite Element Analysis
was completed on the platform. The robot arm and CNC milling machine were recreated in
CAD based on their dimensions. Before doing the FEA, a simple free body diagram describing
the system was created. The free body diagram is shown in Figure 3.2.

Figure 3.2: Free Body Diagram
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In Figure 3.2, the 250 N load is due to the CNC mill, the 1000N load, and 70 N-m moment are
due to the robotic arm when the arm is fully extended. The moment was estimated by
calculating an approximate weight for the arm of the assembly, and then multiplying that weight
by the average distance in the x-direction from the base when the arm is fully extended. This
resulted in the maximum moment. Using hand calculations, the first reactionary force, R1, was
found to be 557.38 N, and the second reactionary force was found to be 692.62 N.
The model was then set up by taking the CAD drawings for each system and creating an
assembly drawing of them in Autodesk Fusion 360. Within the program, one was then able to
apply material properties to the various systems. Next you are able to apply gravity to the entire
system which will give the resultant forces and deflections. All material properties that were
required are the true values for the material, except for the CNC mill and the robotic arm. The
density for the CNC mill and robotic arm were chosen to be 1.75E-6 kg/mm3 and 2.00E-6
kg/mm3 based on their respective masses and volumes. The machines were weighed to find
there mass and the volume was estimated based on the CAD model. From the analysis, it was
found that a maximum displacement of 0.2073 mm should be experienced by the board. The
simulation results are shown below in Figure 3.3.

Figure 3.3: Deflection of the Particle Board After the Simulation
While this result is larger than the displacement found from the hand calculations, the maximum
displacement is still an order of magnitude smaller less than the precision of the machines. From
this result, it was be determined that our set up for our final design was valid and would be
effective. With a displacment of 0.2073 mm, a negligable 0.00005 mm would be added to the
distance between the robot arm and the CNC mill. As this added distance is even smaller than
the precision of the machines, it was concluded that the deflection in the board would not affect
our overall design and the current setup did not need to be changed or altered.
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3.2 Solder Dispensing
3.2.1 Introduction to Roles and Requirements
The second part of the PCB prototyping process is dispensing the solder paste. The solder paste
is applied in small dots where the components connect to the board. It is extremely important
that the dots are the correct size and shape because it could lead to shortages if incorrect. The
quantity of each shot can be controlled by either the mass or the volume with each corresponding
to the two different dispenser types. There are four main factors that determine the dot shape.
The material properties, dispenser tip size, shot size, and the dispensing height. The material
properties impact the mass and the volume of the dot, the dispenser tip impacts the flow, and the
shot size is determined by the controller. Lastly, the height at which the dot is dispensed
determines how the dot forms. If the dot is released from too far away, it will not detach
properly because there will not be enough of an adhesive force attaching it to the board. If the
dot is released too closely to the board, it will expand in diameter and could cause a short circuit.
The perfect release point needs to be experimentally calibrated.
3.2.2 Summary of Options and Tradeoffs
There were three main design options considered for this toolhead. The first was a store bought
HPx solder dispensing system. The HP5cc is made out of aluminum and uses a 5cc syringe.
With the use of an EFD air-powered dispenser, the tool produces up to 27.6 bar of dispensing
pressure from 6.9 bar of input and has a precision of 0.1016 mm[13]. Ultimately, this option was
too expensive and having its own separate controller creates more complexity. The second
design idea was building an air compressed solder dispenser. This would be easier and it was
initially believed the same air compressor could be used for both this and the pick and place
toolhead. However, after further consideration, the high precision needed for the pick and place
and the high pressure needed for the solder dispenser would require a very expensive air
compressor. The final design is the cheapest and also the easiest to build. It uses a stepper
motor with a small pitch lead screw and high torque. The motor is controlled by an Arduino,
which can generate the precisely timed step signals the motor needs. These step signals feed into
the stepper controller which converts the logic signal into a time-varying voltage across the coils
within the motor, causing it to rotate. The rotation is converted into linear motion by the lead
screw. The tool uses a standard 10cc syringe that can be easily interchanged, which will allow
for quick removal and replacement of disposed syringes.
3.2.3 Detailed Design Description
In order to take advantage of the 4-axis movement of the robot arm, the solder dispenser needs to
share the same attachment point with the pick & place toolhead. Due to this, the solder dispenser
and pick and place toolhead were combined as one part with two different toolheads attached.
When the nozzle is not attached to the pick and place toolhead, the solder dispenser extends
closer to the copper board leaving it the active toolhead. When the nozzle is attached, the pick
and place extends farther than the solder dispenser, becoming the active toolhead.
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Figure 3.4: Final Solder Dispenser Design Rendering
The solder dispenser, the toolhead pictured to the right in figure 3.4, uses a Nema 17 stepper
motor attached to a coupler to turn a lead screw. As the lead screw turns, the stepper motor and
housing above, lowers to the syringe. As it lowers, the lead screw is forced into the 10cc
syringe, extruding the solder paste. There are two stainless steel rods that allow for the linear
motion of the housing. The housing is made out of 6061 aluminum in order to negate any
deflection caused by the stepper motor.
In order to place the solder paste dots, the volumetric dot size must be known beforehand. The
information about the pad size of the components is collected in CadSoft EAGLE and exported
to our machine. While these calculations were completed by hand, we were unable to
incorporate them into the software. The solder paste dots were modeled as hemispheres with the
diameter being the minimal pad diameter. Once the volume required for the solder paste size is
known, the amount the lead screw needs to turn per dot can be calculated. Because the lead of
the screw and diameter of the syringe are known, the volume of solder paste released for a full
turn can be calculated. Afterwards, a simple division of the volume of the dot by the volume
released for a screw rotation will reveal the amount the screw needs to turn. The step angle of
the motor is 1.8o. Because the stepper driver can microstep up to 1/32 of a step, the lead screw
can be turned in increments of 0.05625o.
Table 3.1: Solder Dot Size Requirement
Solder Paste Dot Component

Volume [mm3]

Screw Rotation Required (o)

Resistor

2.8

115.2

Battery Holder

7.1

288

LED

2.8

115.2

Switch

2.8

115.2
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3.2.4 Supporting Analysis of Design
A 3D printed prototype was initially constructed in order to better understand the functions going
into the designs. Originally, a 5cc syringe was used requiring only a Nema 11 stepper motor
which provided 5.86x10-2 N-m of torque[14]. The necessary torque to extrude the solder paste
was found by finding the force required to place a dot using a force scale and then performing a
load torque calculation. It was found that the 5cc syringe required a torque of 6.08x10-3 N-m.
However, after looking for lead screws, a 10cc syringe was decided upon due to the larger inner
diameter, which allowed for the purchase of a more cost efficient lead screw. Once the prototype
was assembled, a couple of problems were found including a lack of torque from the Nema 11
stepper motor, deflection in the ABS plastic, and a variable z height. This means that as the lead
screw turns, the nozzle tip gets raised up in the z-axis. When switching to the 10cc syringe, the
torque required to extrude the solder paste increased to 6.27x10-2 N-m due to the larger volume
and cross sectional area. The Nema 17 motor was then chosen in the redesign because it
provides a torque of 4.55x10-1 N-m.[Appendix H]

Figure 3.5: Prototype Solder Dispenser Rendering
3.3 Pick and Place
3.3.1 Intro to Roles and Requirements
The pick and place tool has two essential functions. One is to pick up various components such
as resistors, capacitors, or chips. Two is to accurately place them down on a milled out circuit on
a copper board. When picking up the component, it is important that the toolhead has a good
grip on the part to make sure that it does not get accidentally dropped. We decided to use a
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suction system to ‘grab’ each component. The suction can be created from a vacuum pump.
Since there are different shapes of components, different interchangeable nozzles can be made to
custom fit all the components. Small components such as the resistor and LED are picked up
with a smaller nozzle diameter because it does not require as much force to pick up these
components. Larger items such as the battery holder require a larger force, meaning that a larger
nozzle diameter is required. The larger nozzle diameter cannot be used for all components
because the diameter is big enough to actually suck up the smaller components such as the
resistor. The main issue with placing down the components is that the machine does not know
exactly where the components are picked up. This will result in an error that could potentially
make the printed circuit board unusable, so it is important to find a solution to this problem.
Once the component is placed down, the vacuum pressure is released and the toolhead will
repeat the process until all components are placed.
3.3.2 Summary of Options and Tradeoffs
For the pick and place toolhead, there is really only one way to actually pick up various
components and that is through suction. However, there are several different solutions to
accurately locate and place the components, which has been the biggest engineering challenge.
There are two different methods of completing this goal. The first is with a feeder system. A
feeder system works where components are previously placed in even increments on the reels
that “feed” the machine the components. The system knows exactly where every components is
since they were accurately placed on that reel. Although this system is the most time efficient,
and is used in large scale production plants, it will not be used in our project. The main reason
being that we are not looking to produce our PCBs on such a large scale. It is also much more
complex and is expensive to build. The next option is to have a component tray where the user
can manually lay out the components before hand. The pick and place toolhead will then know
where these components are located and pick them up from there. However there is a tradeoff
because the bins that the components are placed in have to be made with a tolerance to ensure
that the user can easily place them in there. This can result in a small error when placing the
component on the milled out circuit.
3.3.3 Detailed Design Description
The final design is essentially broken up into three main parts. First, there are solenoid valves
controlling the flow from the vacuum pump. Then there is the end effector toolhead with the
suction nozzle on it. And finally there is the component tray which will be placed on the same
level as the final PCB.
The first part, which mainly consists of the vacuum pump, is what drives the entire system. This
actually allows the toolhead to pick up and place components. The pump originally came as a
aquarium pump which would blow out air, so it had to be modified into a vacuum pump by
switching one valve around. The vacuum in the system is controlled by two solenoid valves
which are either in an open or closed position. Two solenoid valves, along with a three-way
hose adaptor, was enough to enable or disable the vacuum, as well as add a release valve to let
the pressure in the vacuum tube return to ambient pressure. The schematic of this set up, as well
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as a picture, can be seen in Figure 3.6 and Figure 3.7. Since the solenoid valves can only be
connected directly to a 12 V power supply in order to function, a five-pin relay was used in order
to automatically control both solenoid valves through the software. Luckily, only one relay was
needed for both solenoid valves. This is because in a five-pin relay, there are two pins where the
output can be connected, one that is naturally open, and one that is naturally closed, this circuit
diagram is shown below in Figure 3.8. For the use of this vacuum system, one solenoid valve
needs to be open, while the other one is closed, which works out nicely in this case.

Figure 3.6: Schematic Drawing of Vacuum and Release Valve

Figure 3.7: Picture of Solenoid Valve Setup. Figure 3.8: Schematic of Relay
The actual toolhead is placed at the bottom of the robot arm. It consists of a long 3D printed
shaft with a small inner diameter. At the very bottom, the shaft becomes more narrow and has a
small nipple at the end as seen in Figure 3.9. This allows the user to easily remove and put on
various nozzle sizes depending on the component being placed. In Figure 3.10 the LED of the
flashlight can be seen being placed during a test. The pick and place requires two different
nozzles in order to complete the flashlight which can be seen below in Table 3.2. In comparison
to the maximum allowable mass for each nozzle, the mass of each component can also be seen in
Table 3.3. The reason why the Gauge 14 nozzle cannot be used for all four components is
because as shown by its diameter, it would actually vacuum up the smaller parts such as the
resistor and the LED light.
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Figure 3.9: Nipple at the End of the Hollow Shaft Figure 3.10: Component Being Placed During
Test
Table 3.2: Nozzle Sizes Used
Gauge

Diameter [mm]

Max Mass [g]

14

1.60

1.16

22

0.41

0.08

Table 3.3: Masses of Components
Component

Mass [g]

Dimensions (mm x mm)

Battery Holder

0.730

27 x 15

Switch

0.070

8 x 7.5

Resistor

0.002

1.6 x 0.8

LED Light

0.001

2.2 x 1.2

The component tray essentially allows the computer to know where the components for the PCB
need to be picked up from. There are various bins for different type of components. In Figure
3.1 the picture of our component tray can be seen, along with the four main components of our
flashlight. The goal is to create a component tray with a wide variety of bins, so multiple types
of PCBs can be produced, without having to 3D print a new one for each type of board. In case
there are multiple trays with different boards, the trays are held in place by a piece of rectangular
acrylic which can be seen in Figure 3.12. This allows for a quick exchange of trays, while the
system maintains the relative coordinates of the components in the tray.
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Figure 3.11: Component Tray with Components Figure 3.12: Component Tray Holder
3.3.4 Supporting Analysis of Design
The main constraint on the pick and place design is the power of the vacuum pump. This is what
controls what type of components can be picked up and placed down. It was calculated early in
the design process that there needed to be a pressure of about 1.24 kPa at the tip of the nozzle to
lift a component up to a mass of 1 g[Appendix A]. It was then later calculated through
experimentation that the vacuum pressure at the nozzle tip is 6.04 kPa clearly exceeding the
requirement from earlier in the design process. The suction force of the pick and place toolhead
can then be varied through the diameter size of the different nozzles.
The other main constraints of the pick and place design is the accuracy of the robotic arm. Since
components as small as 1.6 mm by 0.8 mm needed to be placed, the pick and place required a
very high accuracy. Since it is directly attached to the robot arm, it will have the same accuracy.
The robot arm has an accuracy of 5 microns, which is definitely within the bounds be be able to
accurately place components as small as the 0603 resistor which is less than 1.6 mm by 0.8 mm
in size.
3.4 Reflow Solder
3.4.1 Intro to Roles and Requirements
The only role of this subsystem is to properly solidify the solder joints on the PCB being
prototyped. This was done by following the temperature profile given by the manufacturer of the
solder paste being used. The temperature profile for all solder pastes follows a plot similar to the
one shown in Figure 3.13.
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Figure 3.13: Temperature Profile for Solder Reflow[6]
In order to accomplish this temperature profile, an infrared heat source was picked to transfer the
heat via radiation[6]. The IR light used could either be a bulb, a tube or a ceramic element, which
are all capable of accomplishing the temperature profile.
Controlling the wattage of light can not successfully accomplish the profile in Figure 3.13, so an
on/off controller had to be incorporated within the system in order to accomplish this. This can
be done a few different ways. The options available consisted of designing PID controllers with
four sets of gain or to find four sets of duty cycles for each of the four areas of heating. The first
would be to use a PID with a Smith Predictor. The Smith Predictor would take into account the
time delay inherent in the system in order to create a more accurate response[8]. The second
option would be to tune a PID and then experimentally find the average on/off times of the light
to be set as constants within the system. The final option would be to find the heating rate of the
lamp when running at 100% and then use that as a benchmark to determine the duties for the
varying slopes throughout the process.
3.4.2 Summary of Options and Tradeoffs
Within this system, there are a few design options to consider when finalizing the design of this
subsystem. Firstly, one must consider the type of infrared bulb that will be used to heat the PCB.
There were three choices for the infrared source for the reflow soldering station; an infrared bulb,
tube or ceramic element. These design options with the main pro and con for each listed in
Table 3.4.
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Table 3.4: Summary of Design Options
Design Option

Infrared Source

Pro

Con

1

Bulb

Compact heat source

Has to be wide flood,
heat widely dispersed

2

Tube

Small beam angle
needed

Not ideal for duty
cycles

3

Ceramic Element

Ideal for duty cycles

Element is fragile and
expensive

The first option available is to use an infrared bulb to accomplish reflow. The main advantage to
this is the bulb would create a compact toolhead that would have then been able to be mounted
onto either the Protomat or robotic arm in order to create a true all-in-one machine. It was found
that the only type of bulb that could accomplish the desired heating area of 0.02 m2 (15 cm x 15
cm) was a wide flood bulb[Appendix A]. This meant that the heat that the bulb provided would be
dispersed and not concentrated and this would most like lead to the system not being able to
accomplish the desired heating rates. This then lead to the second heating option, the infrared
tube. Unlike the bulb, the tube only required a beam angle of 10o in order to achieve the desired
heating area[Appendix A]. While this meant the heat of from the source would be concentrated, it was
learned from manufacturers that this type of quartz element is not good for duty cycles and
would significantly reduce the life of the heating element. This then lead to the third option, the
ceramic heating element. Like the tube, the ceramic element also required a small beam angle
but it was found that these type of elements are specifically designed to work with duty cycles to
accomplish certain heating rates. This lead to the decision that the third option would be the best
for our application even though this type of element is more fragile and expensive than options
one and two.
As for the controller to be used to accomplish the temperature profile, the main criteria to
consider are the cost of the instrumentation for feedback controllers and the consistency of the
environment within the PCB machine. The first option for controller stated would require some
form of feedback from an instrument. As the surface temperature of the PCB would be needed, a
pyrometer would be the best choice to accomplish this. The issue with this is pyrometers are
quite expensive. As a result, a thermocouple was used during testing in order to measure the
temperature. The second option was more complicated than the third and was considered to
produce similar results, so it was felt it would be a poor choice. Also as it was found that the
ceramic heating element would be the best choice for this project, it was finally decided that duty
cycles should be found experimentally to accomplish the heating rates. When considering the
consistency of the environment within the machine, the third option becomes even more
desireable. As the temperature of the lamp will dominate and the temperature of the room will
not have much effect on the process, it was concluded that the temperature and conditions within
the case should not change from run to run. So, if the duty cycles are found in an environment
like that of the final design, it can be assumed that the duty cycles should achieve the desired
temperature profile for that environment. With this in mind, it was concluded that the best
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design choice for this subsystem would incorporate the use of an infrared ceramic heater and a
series of duty cycles where the duty cycles were found experimentally.
3.4.3 Detailed Design Description
The first step in the design process was to find an infrared lamp with adequate power for reflow.
Once the lamp was found, the rest of the toolhead could be designed around it. From the
research and looking at comparable products it was determined that a lamp with about 800 W
would be needed [11]
 . Eventually through looking at multiple products it was determined that
Tempco CRA Linear Heater Assembly would work for this application. A 727 W lamp, when
given a 220 V input, was purchased in order to do this.

Figure 3.14: Label Tempco CRA Linear Heater Assembly[Appendix H]
As most people do not have a 220 V outlet in their house, a step up transformer was acquired
from one of our advisors to use for the duration of the project.
The next step in the design process was to determine how the lamp would be elevated. As a
result, a stand for the lamp had to be designed. A simple frame was constructed and the
mounting holes on top of the heater were taken advantage of to connect the two. The stand was
then constructed out of friction-grip framing as it would then be easy to fabricate and assemble.
The legs of the stand made it so the bottom of the lamp was 17.78 cm from the platform as this is
what is recommended by the manufacturer of the infrared lamp. So, in order to fabricate the
stand, two pieces of framing had to be cut to the distance from the platform plus the height of the
heater and one piece cut longer than the length of the heater with two holes drilled the same
distance apart as the mounting holes on top of the heater. These three pieces then simply had to
be fitted together by two 90o elbows and placed into flanges to keep it standing. The assembly
drawing of the stand and heater can be seen in the figure 3.15.
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Figure 3.15: Assembly Drawing of Infrared Heater and Stand
Next, the heater had to be wired as it did not come as such. The manufacturer of the heater
stresses that the heater cannot be wired using copper wire. Instead it must be wired with nickel
plated or nickel clad insulated wire[Appendix H]. In addition, high temperature resistant terminals
and a conventional plug had to be purchased to complete the cord to power the lamp. The next
aspect of the hardware that had to be purchased was the relay that would be able to switch the
lamp on and off to perform the necessary duty cycles. For this, a 240 V PowerSwitch Tail kit
was purchased. The components within the relay were then soldered together and the relay was
soldered so it was part of the power cord attached to the lamp. This relay would allow the
Arduino to switch the lamp on and off for the correct times found in testing. Next, racks to
elevate the PCB closer to the lamp had to be purchased. It was realized early on in testing that
the PCB would have to be placed close to the heating element in order to accomplish reflow.
Wire racks were then purchased to elevate the PCB so the heat from the lamp would not be
contained so close to the element except where the PCB was placed. While this does go against
the manufacturers recommendations, it was decided that it would not be a very big concern. The
rationale for this is the only object that close to the lamp is the PCB. The platform and the rack
are the only other objects under the element and the platform is the correct distance away and the
rack is a few strands of thin wire so it was felt that they could essentially be ignored. Finally, a
fan had to be purchased to cool down the PCB after the reflow process was complete. A 12 V
CPU cooling fan and a 12 V power supply were purchased in order to do this. Figure 3.16 shows
the design fully assembled and labeled.
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Figure 3.16: Labeled Picture of Design
Table 3.5: Key for Labeled Picture of Design
Number

Description

1

Lamp Stand

2

Infrared Heater

3

CPU Cooling Fan

4

Elevating Racks

5

High Temperature Power
Cord

6

Teflon Pad

7

Step Up Transformer

8

240 V Relay
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3.4.4 Supporting Analysis of Design
As has been stated in this report, the function that is essential to this subsystem is that it is
capable of properly heating a PCB according to the predescribed heat curve for the solder paste.
The main aspects of this design that would need to be verified in order to show that this can be
accomplished are the the power of the lamp and the distance the PCB is from the the heating
element. As is stated in the PDS for this report, the lamp has as much power as similar products
used for infrared reflow, however the height of the PCB relative to the lamp had to be examined.
By raising the PCB close to the heating element (3.175 cm away) and testing initial heating rates
with the thermocouple setup discussed in section 4.4.1 of this report, it was verified that the lamp
was indeed capable of properly heating the solder paste. A more detailed discussion of this
verification process is discussed in the test result section for this subsystem in section 4.4.2.
3.5 Robotics Systems
3.5.1 Intro to Roles and Requirements
The role of the robotic systems incorporated is to accurately position the aforementioned tools in
three dimensional space. This created a complex engineering challenge, as not all of the tools
needed to be positioned in the same way. In table 3.6, the required controllable axes and
precision values for the different processes are shown.

Process

Table 3.6: Robotics Systems Requirements
Controlled Axes

Precision Needed

Isolative Milling

X, Y, Z (up or down)

0.01mm

Solder Dispensing

X, Y, Z

0.05mm

Pick and Place

X, Y, Z, A (rotation)

0.005mm

3.5.2 Positioning of Milling Tool
For the milling of the electrical traces, precise control is only required in the x and y directions.
As a PCB is a two dimensional object from a machining standpoint, the milling toolhead needs
only binary control for its vertical position. The tool is either up and away from the work, or
down and milling a trace; all traces are milled at the same height. Since this operation is the only
one that can function without a precisely controllable z-axis, it was decided that milling should
be completed by a cartesian robot with high precision in the X-Y plane, and a simple solenoid for
z-axis control, eliminating precision control of the z-axis keeps costs lower. To accomplish this
task, our team sourced an LPKF PRotomat 91s circuit plotter. This cartesian robot has an x-y
precision of 0.005mm, which exceeds the design requirements.
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3.5.3 Positioning of Solder Dispenser and Pick and Place
For the remaining two processes, it can be noted from Table 3.6 that the LPKF Protomat 91s
does not provide the necessary robotic positioning to achieve solder dispensing and pick and
place. In order to accomplish these processes, our team moved toward sourcing an additional
robotic positioning system.
The first task was to decide what type of robot would be best suited for our application. There
are three common configurations for robotic positioners: cartesian, SCARA, and six-axis.[15] A
cartesian system has three-axis control, one for each axis of the cartesian coordinate system. A
SCARA robot has the same three axes of control, with the addition of rotation; a six-axis robot
adds two additional controlled axes, allowing it to articulate into more difficult positions; this
type of robot is best suited for applications where tools need to be positioned at an angle, or even
upside down. For our purposes, we chose to look for a SCARA robot, as it had the required four
axes of control. A six-axis arm would also have worked, but they are typically considerably
more expensive.
Though our limited budget presented a notable challenge, we were able to procure a Seiko
D-Tran TT8030 robotic arm and Seiko SRC-42M/F controller. We purchased the arm and
controller used from an automation lab through an online listing. New, this unit was in the
$30,000+ range, but we were able to purchase it for a reasonable $700 plus shipping[Appendix E].
The precision value of this robot is 0.005 mm in all axes, which meets the requirements of Table
3.6. This robot added another level of complexity to the design process, as it communicates only
with Seiko’s software, via a proprietary protocol that we were not able to replicate. This forced
us to develop custom software to generate instructions for the arm as discussed in section 3.7.
3.6 Control Hardware
3.6.1 Toolhead Electronics
The solder dispenser converts electrical energy into solder extrusion via the use of a stepper
motor. A stepper motor has a rotor with a permanent magnet. Within the casing, the magnet is
surrounded by coils of copper wiring. To make the motor move, the coils are excited, causing
them to create an electromagnetic field and behave like electromagnets. The motor spins when
the next coil is excited, pulling the permanent magnet into a rotated position. This allows the
distance the motor rotates to be very precisely controlled. However, in order to control the
motion of the motor with a logic signal, a stepper driver needs to be used. The stepper driver
takes two inputs, one a binary signal specifying the direction to rotate and the second a square
wave input, to generate a step. With each rising edge of the step input signal, the driver excites
the next coil in the sequence, causing the motor to rotate in the desired direction. There are
many available options for stepper motor drivers. The driver that we selected is a Texas
Instruments DRV8834 we chose this driver for a few reasons. The first reason is that is rated for
H]
2.2 A of current[Appendix

, this is an important specification, as the NEMA 17 stepper motor is
rated for 2 A per phase, which would have been much too large for many available drivers[Appendix
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. The second desirable feature of this driver is the range of microstepping options.
Microstepping allows the motor to rotate less than a full step. Microstepping is ideal for this
application, as having a smaller step angle allows much smaller amounts of solder to be
dispensed per step.
H]

The flow of air through the pick and place vacuum nozzle is controlled by a solenoid valve. The
solenoid valve is powered by a 12 V source, so it was not possible to control this solenoid with a
logic signal. In order to switch the solenoid digitally, a relay was required. The project required
a relay that takes a 3-5 V logic input and use it to switch a 12-24 V power source. There are a
myriad of such relays available, so the individual model is not of much importance; any such
relay would have done the job successfully. The model we chose was a Zhejiang Dongya
Electronic Co. JZC-11F[Appendix H].
The infrared heat lamp used for soldering needs to be switched on and off at precise intervals, in
order to emit the proper amount of energy and follow the desired heat curve. The lamp requires
single-stage 220 VAC input. In order to control the lamp with a logic signal we searched for a
relay capable of switching 220 V. We decided to search for a solid state relay, rather than a reed
relay, as we wanted to minimize the delay between the signal being sent and the lamp turning on;
this allowed us to more precisely control the heat rate of the lamp. We decided on the
PowerSwitch Tail II, which can switch a 120-240 V power source with a 3-5 V input signal.
This relay gives us the ability to quickly switch the lamp on or off using a logic signal.
3.6.2 Central System Processor
The previous section discusses the electronic components utilized within each tool. In order to
use the tools in synchronization, a central system processor was necessary. The role of the
system processor was to take commands from a PC, running gerber decoding software (discussed
in section 3.7) and send the appropriate control signals to the aforementioned electronic
hardware within the tools. Clearly, the first criteria for the processor is that it must have a
substantial number of general purpose input and output pins. There are several microprocessor
boards available on the market today. Each has a unique set of features and abilities, so deciding
between them is not a trivial matter. At first, we looked into using a Raspberry Pi as the central
processor for our system. We were originally attracted to the Pi due to its powerful processor
and Linux operating system. However, the aforementioned Linux kernel required frequent
interrupt service routines to service its many input ports. These ISR’s are constantly interrupting
any GPIO programs that are running. For this reason, the real-time performance of the
Raspberry Pi was not accurate enough to be used for this project. Many processes require their
control signals to be precisely timed in relation to other signals, and the Raspberry Pi did not
have the required precision. From here, we looked away from embedded processor based
systems and looked into microcontroller based systems, as their real time performance were
substantially better. We decided to go with an Arduino based system, as Arduino is the most
widely supported microcontroller based board. We selected an Arduino Uno as it had exactly the
number of GPIO pins required by the system. Many other Arduinos would have been suitable
for this application, but this was the most cost-effective option. The code written for this
Arduino can be found in Appendix J.
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3.7 Software
3.7.1 Intro to Roles and Requirements
Software is essential to bringing all of the necessary processes together and creating a fully
functioning machine. These softwares must be able to take a circuit design layout and guide the
CNC machine through the milling process as well as the robot arm through the solder dispensing
and pick and place processes. In addition to just the linear motions of these machines, the
softwares must also incorporate our single platform setup and the customized toolheads. The last
process of reflow soldering the components is also done using an Arduino to control the duty
cycles of the infrared lamp.
3.7.2 Summary of Options and Tradeoffs
Much of the utilized software was necessary for the functionality of the machines and could
simply not be replaced. The CNC milling machine needed the BoarMaster 3.0 software for
coordinating the linear motion of the Protomat 91s and CircuitCAM 3.2 to export the appropriate
file type for BoardMaster 3.0 to interpret. CircuitCAM can be used to design circuit layouts but
we chose to utilize CadSoft EAGLE for the designing process. CadSoft EAGLE is a widely
used software for designing circuits and is much more up to date and convenient than
CircuitCAM 3.2. A large advantage of EAGLE is that it is free to the user, as compared to other
much more costly PCB design software options. DarlSPC is necessary for controlling the linear
motion of the robot arm; however, there was no available software for converting the circuit
board design to the necessary instruction set or format for robot arm. For this aspect we created
our own Java program that converts files exported by cadSoft EAGLE to the necessary format
while also taking into account the various toolhead offsets and component pick-up locations. We
have chosen to create our program in Java because Java allows for maximum portability due to
the write once, run anywhere nature of the language. In addition, we have used an Arduino for
controlling the electronics within our toolheads as well as for the final soldering process. The
Arduino offered an easy way to develop programs that can take a command via serial, and output
the necessary logic signal to the tools.
3.7.3 Detailed Interface Description
As mentioned earlier, a lot of the utilized software came as a necessity given the machines we
were working with. The LPKF Protomat 91s was made in the 1990’s and was thus accompanied
with software that was difficult to get used to and understand. BoardMaster 3.0 accepted only
.lmd files which were generated by CircuitCAM 3.2 for the milling aspect of the PCB
prototyping process. CircuitCAM 3.2 is not a widely used software and we therefore utilized
this software only when absolutely necessary. Although one could design a circuit board on this
software, we instead created a process in which one would design a circuit board on cadSoft
EAGLE, a widely used software for designing circuits, then export gerber files which would then
be imported to CircuitCAM simply for the purpose of generating the needed .lmd file format for
BoardMaster 3.0. Similarly, DarlSPC is the software used for controlling the linear motion of
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the robot arm and is not an intuitive or user friendly software for programing. To overcome this
aspect we familiarized ourselves with the DarlSPC language then designed our own Java
program to take gerber files exported by cadSoft EAGLE and generate specific instruction sets
for the robot arm. This program outputs a single file that guides the robot arm through the solder
dispensing as well as the pick and place processes.
Our Java program takes .mnt files, generated by cadSoft EAGLE, as an input. This .mnt file
contains the coordinates for the various components on the designed circuit board. Our program
first generates the instructions for dispensing the solder paste by reading in the name of the
component and the location, and adding the appropriate offset to the coordinates given the offset
of our toolheads and the location of the board in relation to our robot arm on our platform. A
text file is used as a data repository for the various components and their respective pad offsets
from the center of the component, called solderPad.txt. The solder class reads from this text and
returns an object with the respective variable fields initialzed to the respective offsets.
Appropriate “jump” commands are then written to a new file in the .prg format necessary for
DarlSPC, and is repeated for component. After generating the code for the solder dispensing
process, code is generated for the pick and place process. Similarly, the input file is read and a
data repository containing information on the location of the components in the component tray,
called parts.txt, is parsed. This data repository also contains the nozzle needed for the respective
components. If the current nozzle does not match the one needed, a “pause” command is
inserted into the .prg file, allowing the user to attach the necessary nozzle before continuing the
pick and place process. Again the partClass returns an object containing fields with the
necessary variable offsets instantiated. Commands for picking up the component from the tray
are written, then commands for placing the component in the appropriate location, again taking
into account the needed offsets, is written. A functional block diagram of this process is shown
below in Figure 3.17. The final output file contains all of the commands for the solder
dispensing and pick and place processes to be executed by the robot arm.
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From a user’s perspective, one would first design the circuit board, most likely on the widely
used cadSoft EAGLE software, then export the gerber files and centroid data which contain
information on the traces to be milled and the location and dimensions of the various
components. These files would then be imported to BoardMaster 3.0 for translation then
CircuitCam 3.2 for the milling process. For the pick and place process these files would be
imported to our Java program which would generate a file for DarlSPC and our robot arm. This
flow of utilized software is show below in Figure 3.18.

Figure 3.18: Flow Diagram of Software
In addition to this software, an Arduino was utilized for the reflow soldering process to perform
the duty cycles needed to reach the necessary heat curves. In a given period of 500 seconds, the
lamp needed to be on for a certain percentage of time and off for a certain percentage. This
switching allows the slope of the heat curve to be varied. The appropriate percentages of on/off
time for the desired slopes were determined experimentally. This allows the system to achieve
the specific temperature intervals needed to reflow the solder without damaging the IC’s
themselves. This process is followed by cooling period, utilizing a fan unit also controlled by the
Arduino. Once this fan is turned off the process of reflow soldering is complete.
3.7.4 Supporting Analysis of Design
The softwares used in our system successfully brings together the various components of our
project. BoardMaster and CircuitCam work together to complete the milling process for the
PCB prototyping process while our Java program and DarlSPC work together to execute the
solder dispensing and pick and place processes. Our process limits the amount of work needed
by the user to operate our machine, and avoids the need for users to fully understand how the
various softwares actually operate. Instead of actually having to design or code anything in the
various softwares, users only need to export their designs as gerber files from cadSoft EAGLE in
order to use our machine. The rest of the softwares only translates these files into the necessary
instructions and formats for our machine.
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4. System Integration, Testing and Results
4.1 High-Level Block Diagram
In order to understand and organize our system as a whole, we have created a high-level block
diagram which shows the relationship and flow of the principal parts and functions of our
project. The different blocks represent individual functionalities that can be broken down and
thought about, and tested, independently. This is shown visually in Figure 4.1.
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The system begins with the circuit board layout designed in CadSoft EAGLE. From this
software gerber files and centroid data, containing information regarding the milling traces and
component locations, are exported. CircuitCam 3.2 takes the gerber files as inputs and exports
LMD files to BoardMaster 3.0. BoardMaster 3.0 then instructs the linear motion of the Protomat
91s through the milling process via a DB-25 serial port. The Java program converts the ULP
centroid data files from gerber to PRG files which can be processed by the SRC-42 M/F
Controller for the solder dispensing and pick and place processes. The Arduino serves as the
central processor as it controls the stepper driver for the solder dispenser, the solid state relays
for the 12 V vacuum solenoid and fan, and the 220 V relay for the IR heat lamp. In addition
there is an emergency shutoff sensor for safety precautions.
4.2 Solder Dispensing
4.2.1 Unit Test Setup and Protocol
The primary testing to be done concerns the amount of volume of solder paste that comes out.
Based on the calculations for the amount of solder pasted needed for pad size, the rotations of the
lead screw were theoretically calculated. Testing will confirm these values and the statistical
probability of hitting those theoretical marks. To set this test up, a thousandth scale will be used
along with the solder dispenser assembly. The first test will be the control, and the lead screw
will be forced to turn one full rotation. Based on the weight of the solder paste the comes out,
the volume can be calculated from the known density. Once several of these tests are done to get
an average, the tests will be performed at each screw turn requirement as listed in Table 3.1. If
the tested volumes match the theoretical ones within one standard deviations, the controlling
function will stay as is, however, if there is a large error, the time delay in the stepper motor will
be changed and the tests will be run again. As the microstepping decreases, the torque increases
producing variable results. These results will then be compared to find the best time delay.
4.2.2 Test Results
The prototype could not extrude any solder paste at the smallest microstep of 1/32th. Due to the
increased required torque from the 10cc syringe, the Nema 11 was unable to turn. When the
microstepping was decreased, solder paste was extruded, but at a slow pace, and not the correct
volume. It also stuck to the nozzle due to the slow extrusion process resulting inconsistent dot
shapes. Due to these results it was decided to machine a new toolhead that would work with the
larger torque motor. The design and fabrication of this took sometime though and there ended up
not being enough time left in the project to conduct any of the tests. It should be said that
theoretically the toolhead with this motor and being made of aluminum should lead to a
functioning toolhead.
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4.3 Pick and Place
4.3.1 Unit Test Setup and Protocol
The pick and place toolhead’s performance essentially has two main criteria that it needs to meet.
One being that the components of the PCB are actually picked up from the component tray, and
the other that they are actually placed in the proper spot on the board. In order to determine
whether components were picked up or not, a simple test of yes or no can be used. All four of
our components were tested. This allowed us to test for both large components such as the
battery holder, as well as for small components such as the resistor. In order to test how
accurately components were placed, microscopic inspection was used. This however resulted in
data that had to be evaluated visually.
The pressure at the nozzle tip of the pick and place also needed to be calculated through testing
since no specifications were provided with the original pump. Additionally, there is a pressure
drop due to the length of the vacuum tubing and the many change of directions it has. In order to
calculate the pressure experimentally, the battery holder was placed at the bottom of the vacuum
nozzle tip. If the pump was able to pick up the battery holder, the nozzle gauge was increased
(meaning the diameter is smaller). This was repeated until the battery holder was barely held in
place by the vacuum. This was estimated to be the maximum weight that the vacuum pump with
that nozzle size could hold. Using Appendix A.3, the lower limit pressure at the nozzle tip was
calculated based on that equation.
4.3.2 Test Results
The test results of the first test can be displayed as percentages, simply because it is a pass or fail
test. Initially 40 tests were carried out, 10 for each different component. Picking up the
components resulted in a much higher success rate than dropping the components. This was
believed to be so because initially there was no release valve built into the system. This meant
that even though the vacuum pump was cut off, there was still a vacuum trapped in the nozzle
tip. After the release valve was added, the success rate for dropping the components increased
drastically. Although the success rate of the components picked up originally was high, it
needed to be higher in order to have a better success rate of producing functioning PCBs. This is
why the nozzle gauge was decreased by a size, meaning the diameter increased, resulting in a
greater suction force. This again raised the success rate of the system. All the test result data
can be found in Appendix D.
Table 4.1: Results from Picking Up and Placing Down
Initial Setup

Decreased Gauge # &
Added Release Valve

% Picked up

92.5

97.5

% Released

78.3

94.9
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The second criterion that was tested was the accuracy of where the components were placed.
Initially this was just done by a visual inspection since high end analysis equipment was
unavailable. It is hard to put a number on the accuracy of the components since we did not
measure how far off the solder dot the components are placed, so this is a qualitative test. In the
end, the most important thing is whether the flashlight turns on or not, because this will
determine whether all components are placed properly. Examples of well placed as well as
poorly placed components can be seen below in Figures 4.2-4.5. One common trend that was
discovered by analyzing various placed components, is that the small components which
required a higher accuracy were not placed as well as the larger components. One possible
reason for this could be due to the vibrations that were created from the vacuum pump on the
robot arm. This caused the smaller components to slightly rotate as they were being placed on
the copper board. This can be seen in Figure 4.3. The larger components also have larger pad
sizes allowing the robot arm to have a larger tolerance for error when placing these components.
The pad size alone for the battery holder is bigger than the LED and the resistor.

Figure 4.2: Well Placed Battery Holder

Figure 4.3: Poorly Placed Resistor and LED

Figure 4.4: Pad Size of Battery Holder
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Figure 4.5: Well Placed Switch

4.4 Reflow Solder
4.4.1 Unit Test Setup and Protocol
In order to determine the duty cycles necessary to accomplish the reflow curve, it was known
that some sort of temperature feedback from a thermocouple would be necessary. It was quickly
realized that the temperature of the solder paste could not be measured directly as the paste
would solidify during each test, thus ruining the thermocouple. In addition, it was realized that
the surface temperature of the copper board could not be taken as the solder paste temperature as
the material properties and volumes differ greatly. As a result, it was determined that the
thermocouple would have to measure some other material with material properties similar to that
of the solder paste but which would not melt and resolidify during the reflow process.
Through research, a method was discovered that would solve the issues that were raised. The
method found stated that the thermocouple could measure the temperature of aluminum tape that
would be placed over the thermocouple joint[16]. Then, the border of the tape would be
surrounded by polyimide tape, which is very resistant to heat, so that there would be little heat
transfer between the copper board and the aluminum tape[16]. This was necessary as it replicated
the lack of heat transfer between a solder pad and the rest of the copper board. The resulting
thermocouple setup can be seen in Figure 4.6.

Figure 4.6: Thermocouple Setup
It was assumed that this setup would indeed reflect the temperature of the solder paste as the
emissivities of the two materials were very similar. The emissivity of a material determines the
amount of radiation absorbed for a given volume of material and since this is strickly a radiative
process, this was the controlling material property for temperature increase. The emissivities of
the aluminum tape and solder paste materials can be seen in Table 4.2 where the composite of
the solder paste was determined based on the percentage of the composition. Also, as the gold in
the solder paste is such a small percentage of the composition, it was ignored for this
approximation.
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Table 4.2: Emissivity of Aluminum Tape and Solder Paste[17]
Material

Emissivity

Aluminum Tape

0.04

Tin

0.04

Bismuth

0.06

Solder Paste
(Sn42/Bi57.6/Ag0.4)

0.0516

In order to confirm that this method was indeed valid experimentally, during testing the time to
reflow (when the solder paste reaches 165o and solidifies) was observed and then it was
confirmed that the thermocouple reached a similar temperature in the same amount of time.
As for determining the duty cycles needed to accomplish reflow, the slopes needed first had to be
examined compared to that of the heating rate when the lamp was running at 100%. By knowing
the heating rate at 100%, the initial duty cycles could then be determined by dividing the needed
slope by the slope at 100% and running tests with a five second cycle time. For reference, the
slopes needed for each section of reflow can be seen in table 4.3.
Table 4.3: Heating Rates for Solder Paste from Manufacturer[Appendix H]
Section

Time During Reflow
(Seconds)

Heating Rate
Needed (oC/s)

1 - Preheat

0-90

0.677

2 - Soaking

90-180

0.444

3 - Soaking

180-210

0.267

4 - Reflow

210-240

0.9

After predicting the initial duty cycles needed, tests were run changing the duty cycle for each
section each time until the desired slope was achieved.
Once the desired curve was achieved with the experimentally found duty cycles, PCBs with the
flashlight design were made and and put through reflow with this heater in order to determine the
consistency of the reflow process. It was important during these tests to firstly test the ideal
situation, where the largest component is centered under the heater, and the worst case situation,
where the largest component is placed at the edge of the heater, to determine what influence this
would have on the reflow process and if a safety factor had to be added to the slopes to ensure
reflow for a variety of boards.
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4.4.2 Test Results
As stated in the test protocol, it was necessary to first determine the heating rate of the lamp
when it was running at 100%. This was first done with the lamp being cold (as in not having
been run for a lengthy amount of time) and it was found that this situation would be insufficient
for reflow. As can be seen from the plot of the thermocouple results in Figure 4.7, the average
initial heat rate 0.246 o C/s was much lower than what was needed for the first stage of the reflow
process.

Figure 4.7: Lamp Running at 100% from Cold
It was then quickly determined that the lamp would have to be warmed up before the reflow
process could occur. This meant that the lamp would have to be left on for five minutes and then
left to cool for an additional five minutes before reflow could begin. This provided a much
better result as the heat rate achieved was greater than the maximum slope needed of 0.9
throughout the reflow process. This is shown in Figure 4.4.
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Figure 4.8: Lamp Running at 100% with Warm Up
As this situation seemed to work for reflow, it then had to be determined if the thermocouple
data actually reflected the temperature of the solder paste. It was found that when a single solder
paste dot was placed on a solder pad with no component (which is similar to the thermocouple
setup) that reflow occurred after two minutes and twenty seconds. Comparing this to the
thermocouple data and the same time, it was found that the thermocouple was reading 166.1oC
when reflow occurred meaning there was very little difference between the reflow temperature
and the thermocouple reading.
Now that there was a benchmark for the duty cycles we were able to begin finding the duty
cycles needed to accomplish the reflow curve. In Table 4.4 are the initial cycles determined
based on the benchmark and the final duty cycles found that were in fact needed to accomplish
the curve.
Table 4.4: Predicted and Final Duty Cycles
Section of Reflow

Predicted Duty
Cycle (%)

Final Duty Cycle
(%)

1 - Preheat

72.7

70

2 - Soaking

47.7

50

3 - Soaking

28.8

35

4 - Reflow

96.6

100

50

As can be seen, the benchmark indeed provided a good starting point for the duty cycles needed.
As the lamp was quite hot initially it makes sense that the duty cycles initially calculated would
be a slight overestimation of what would be needed for the curve. But, as the the first stage of
the reflow process is long and the lamp has time to cool during the off times, for the last three
sections of reflow the opposite is true and the initial becomes an underestimation. In addition, as
the slope is so small right before the final stage, meaning it has a long time to cool, the
thermocouple results showed that the final section of reflow had to be lengthened by fifteen

seconds in order to accomplish the reflow temperature of 165o C.
A plot of the thermocouple
data using the final duty cycles compared to that of the ideal reflow cycle from the manufacturer
can be seen in the figure below.

Figure 4.9: Ideal Reflow (Blue) and Thermocouple Reflow (Red)
As can be seen from the figure, The duty cycles used were able to follow the ideal curve quite
well except for the final stage of reflow. This should have little effect on the material properties
of the solder paste as there is not a true required time that the solder paste should be in the
liquidus state. While the ideal reflow is thirty seconds, most manufacturers agree that anywhere
from thirty to sixty seconds, with some saying even up to ninety seconds, is acceptable for
reflow, so this reflow time of forty-five seconds is completely acceptable by industry
standards[18].
Next, the ideal placement of the PCB was tested to compare reflow time to the thermocouple
data. It was found within the first few tests that, while the smaller components that did not cover
as much of the solder paste were able to accomplish reflow within the time found
experimentally, the battery pack consistently needed an additional fifteen seconds to accomplish
reflow bringing the reflow time overall to the max of sixty seconds.
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Figure 4.10: Ideal PCB Layout (Not to Scale)
As this was the ideal situation and the idea of the worst case situation was not thought of until
the very late stages of the project, a safety factor had to be added to the curve within the last
weeks of testing to account for when the PCB was arranged in the worst case situation. For the
worst case situation it was found that the solder paste under the battery holder had to undergo a
total of one minute and thirty seconds of reflow in order to solidify.

Figure 4.11: Worst Case PCB Layout (Not to Scale)
This meant that a scaling factor had to be multiplied by the ideal slope the new duty cycles were
found from this result. This was not a very difficult or time consuming task though as the test
setup and the effects of the lamp were well understood at this point.
The scaling factor was found by placing the battery holder in the worst case position and running
the lamp at 100% until reflow occurred. The initial temperature of the solder paste was assumed
to be that of the initial temperature of the thermocouple during testing and the average slope was
determined by using that point at time zero and the reflow temperature which was found to occur
after two minutes and forty seconds. This produced a heating rate of 0.8344 o C/s and by dividing
the thermocouple benchmark slope by this reduced slope, it was found that a scaling factor of
1.116 had to be applied to all of the slopes throughout the reflow process. A similar process was
then used to find the final duty cycles and the initial and final duty cycles used can be seen in the
Table 4.5 along with the adjust reflow slope needed for each section.
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Table 4.5: Adjusted Slopes, Predicted and Final Duty Cycles for Worst Case
Section of
Reflow

Adjusted Slope
(oC/s)

Predicted Duty
Cycle (%)

Final Duty Cycle
(%)

1

0.744

79.9

80

2

0.496

53.2

55

3

0.298

32.0

40

4

1.01

107

100

This produced a similar result as before where there was an initial over estimation in the duty
cycle and then an underestimation in the duty cycle needed. Also as before, the lamp had too
long to cool during the third section and thus the reflow time had to be extended by an additional
fifteen seconds in order to reach the adjusted reflow temperature.

Figure 4.12: Adjusted Reflow (Blue) and Thermocouple Reflow (Red)
Once again, it can be seen that the thermocouple data matches the reflow curve needed quite well
except for the last stage of reflow where the slope is less and the time extended.
From this result a few aspects of the material properties of some of the solder joints need to be
analyzed and discussed. While the solder will properly solidify with these duty cycles for larger
components, solder for smaller components will most likely be overheated by almost 15oC. This
means the solder paste for smaller components may be more brittle and more likely to fail due to
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thermal fatigue meaning it will affect the long term life of the PCB[19]. But, it was decided that
this does not matter when considering the purpose of this project. To reiterate, the purpose of
our platform is to create PCB prototypes that will be used to test the functionality of the board,
not to create PCBs that will be used repeatedly, for a long period of time, or for mass production.
Because of this it was decided that while there may be some effect on some of the properties of
the joints, it is better to over design the reflow curve for this type of platform so it can work with
a variety of PCBs.
Finally, a quick test was done to determine the cool down time of the PCB as a result of turning
on the CPU cooling fan after reflow. By knowing how long it takes for the solder to get close to
room temperature, this time can be set as a constant in the Arduino code so the user can know
from the program when it will be ok to go remove the PCB from under the lamp. The results
from this quick test can be seen in Figure 4.13.

Figure 4.13: Adjusted Reflow Curve with Cooling
A final test was then done in order to confirm that the adjusted reflow repocess indeed worked.
For this test, only the battery pack was placed onto the PCB and placed in the worst position.
The reflow process with cooling was then allowed to run and it was then observed if the battery
pack was attached to the PCB. This was done five times and for each test the battery packet was
properly soldered to the solder pads on the PCB.
Now that the lamp had been designed in a way where it was able to accomplish reflow for the
worst case situation, the reflow soldering toolhead was ready to be incorporated with the rest of
the platform to verify the process as a whole, where the results for this can be seen in section
4.7.2 of this report.
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4.5 Complete PCB Prototyping Platform
4.5.1 Unit Test Setup and Protocol
In order to statistically verify the consistency of our platform, we determined the number of
PCBs that had to be successfully made in order to claim a certain confidence in its performance.
This was done by using the attribute method, which is similarly used in manufacturing processes
to statistically claim consistency[20]. While most manufacturing processes will apply this method
multiple times to all of the aspects of the process, we did not have the time or the resources to do
this. Instead, we applied the method to the process as a whole. The attribute method determines
batch size based on equation 4.1.
2

N = Zt2 P (1 − P )

(4.1)

In this equation N represents the batch size, Z is the z-score for the desired confidence, t is the
desired tolerance and P is the probability of the occurrence of the processes being studied. As
we were simply testing if the flashlight we were making would either turn on or off at the end of
the process, the probability was taken to be 50%. It should be said that this will lead to an
overestimation because a probability of 50% will lead to the maximum batch size for a given
confidence and tolerance[20].
It was decided that we would attempt to make as many boards as we could by the end of the
project and then, from that batch size that was successfully created, we would be able to make
some claim about the confidence we had in our platform. A plot of what batch size leads to what
confidence for a variety of tolerances can be seen in figure 4.14.

Figure 4.14: Platform Confidence Plotted Versus Batch Size
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4.5.2 Test Results
Although most of the individual components of the platform function well, several problems
occurred when it came to the integration of these systems. Ideally, everything would be
controlled from one Arduino and one computer. However, due to software and hardware issues,
the use of the second computer was still necessary. This meant that there is still a lot of user
interaction in the system, even though the goal was to try and minimize that. This meant that the
production process of our system is still fairly complicated which decreased the number of PCBs
that we produced greatly. The initial goal was to create 40 functioning flashlights on the PCB
prototyping platform however in the end, we were only able to create 3 functioning flashlights.
This results in a confidence level of 27% +/-15%.
As the system stands now, these are the steps that the user has to carry out in order to produce a
PCB:
1.
2.
3.
4.
5.

Drill two holes into a copper board so it can be held in place on the Protomat surface.
Upload your PCB layout onto BoardMaster 3.0
Run the program in order to mill out the traces
Manually dispense the solder paste
Enter the offset for the PCB into the java program which is set as the lower right hand
corner in the working area
6. Transfer the output from the java program into the DarlSPC program
7. The same program will move the robot arm to where the components need to be picked
up
8. Control the solenoid valves with the Arduino every time a ‘Wait’ command pops up on
the robot arm
9. Manually move the PCB into the reflow station
10. Run the Arduino code for the Reflow station
Although the system currently still requires a lot of user interaction, the bulk of the hardware and
software has been created and is functioning individually. This is a result of this project being
overwhelming in terms of the time frame, the size of our team, the budget we had to work with
and the overall scope of the project. If a team were to continue to work on this project in the
future, we have a plan that would allow the platform to function in a way that would reduce the
user interaction to a minimum. In order to improve the user interface of the system, in the future
the Arduino could act as a keyboard for the computer. This would mean that the user would no
longer have to go from operating both the computer and the Arduino and would truly be able to
operate the system from one laptop. Also on the software side of things, another Java program
could be written that would take the coordinate set as the bottom of the working area into the
Java program that creates offset coordinates for the directions for the robot arm. Once again, this
would take out another step for the user. Finally, to avoid manually placing the solder paste, an
EFD dispenser system would be purchased to replace the stepper motor system. This was not
possible for the budget of this project as these type of dispensers cost around $1000 new[21]. As
these type of dispensers are designed to control the dispensing of viscous materials, like solder
paste, it is the ideal choice for this application and would fix the issue of not being able to control
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the shape of the solder paste dots with the current system. If all of this was implemented in the
future, we feel that the platform would be as close to automated for the user as it could be and
would be able to successfully perform all of the processes needed for prototyping.
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5. Costing Analysis
Our team applied for general funding through the Santa Clara University School of Engineering.
We received $1900 for our project. Although we initially asked for $2700, we were able to
complete the hardware for our project within the given budget. Since we were also given the
Protomat 91s from the Electrical Engineering Department, a large part of our expected expenses
were covered since the hardware for the milling of the traces would have been costly. A
detailed list of individual part costs can be seen in Appendix F. The cost for the different
processes/main components are broken down below in Table 5.1.
Table 5.1: Costing Analysis
Process/Main Component

Cost ($)

Solder Dispenser Toolhead

175.29

Pick and Place Toolhead

35.11

Reflow

387.04

Robot Arm

978.49

Cart/Platform

122.57

Wall/Barrier

87.86

Milling Tools

58.86

PCB Components

39.46

Total

1884.68
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6. Business Plan
Sales/Marketing Strategies:
There are four main values that our product brings for our target market: Quick PCB turnaround
time, low long run cost compared to outsourcing designs to a fabrication house, having custom
order design platforms to conform to space, and maintaining an environmentally sound product
through the refurbishment of old machines.
Custom order design platforms allow for the customer to customize the design to their space.
Because we will have many different used parts to choose from, the accuracy and precision can
be altered for the customer’s need. This will also allow for a varying price index so we can hit a
larger market. Custom order designs also allow for a lower initial investment into the business
because we do not have to front the initial cost to stock an inventory and produce a large volume
to make a profit. Instead, we work with only a few customers at a time, which will create a
higher cost, but still much lower relative to other options.
Also, being in the Silicon Valley, we are at the epicenter of environmental friendliness and
sustainability. By refurbishing old CNC mills and robot arms, we will be doing our part to help
reduce the use of valuable resources.
Manufacturing Plans:
By buying from companies that sell used CNC mills and robots as well as partnering with
manufacturers to buy their old machines, we will create a resilient network with a varying supply
of products. Because we are custom order, we would only have to buy a few at a time to meet
the customers demands. Once the CNC milling machine and SCARA robots were sourced, a
custom pick and place tool would be 3D printed and solder dispenser would be milled out of
aluminum in house. The only thing that would change from design to design, is the attachment
point between the solder dispenser/pick and place and robot arm attachment.
Product Cost and Price:
The product cost was determined to be $22,190 which includes all the manufacturing,
employees, warehouse space, as well as overhead. Since the product is being sold for $25,000, a
profit of $2,810 is being made on each unit that is sold. The goal is to sell 3.5 units in the first
month, with an increase of 1.2 units per month. Over the course of a 24 month period, the
company should have a value of $841,836. The spreadsheet of the present value, along with all
the detailed costs can be found in Appendix F.
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7. Engineering Standards
Economic:
One main goal of this project is to create a machine that can not only produce a PCB, but also a
machine that is affordable. The overall machine should not cost more than than the price of a
preexisting product can can complete one of the four pcb printing processes. This way, our
product is affordable for our potential customers such as hobbyists as well as students learning
about the PCB production process. It is also important to ensure that the production cost of one
PCB is less than it would be to outsource it to a fabrication house. Ideally both the cost and time
to produce a single prototype of a PCB will be less than previous pre existing solutions.
Environmental:
For this project, it is important to consider the environmental repercussions of the final design.
While the final product should not directly cause any harm to the environment by using the
machine, to is important to consider some of the waste that will be involved after using the
machine. The only source of waste is from the milling process which produces copper chips
which overtime can become a large waste of the metal. To compensate for this, users should be
mindful of this fact and recycle all of the excess copper created during the milling process.
Manufacturability:
As all of the aspects of this project are already manufactured in one way or another within the
industry, it would make sense that our PCB machine would be equally as manufacturable. This
means that all of the parts that we are either purchasing or designing should be easily
manufactured with the technology available today. Also, as our project takes advantage of
existing hardware and then mounts them onto one platform, this process would be quite feasible
if the process was applied on a manufacturing scale. Once the existing hardware is mounted,
then our toolheads would simply have to be added and the code written for this project applied in
order to create a functioning platform.
Health & Safety:
As it can be seen in Section 2.7.5 of this report, as a team we have thoroughly considered the
safety risks associated with the design and use of this machine. From the tables in this section,
we were able to lay out all of the potential safety risks and solutions to those problems. It is very
important to go through this process for two reasons. Firstly, it is important to understand the
risks involved with a project as to not harm oneself in the building of that project. This is then
linked with the second reason which is by identifying the safety risks associated with a project, a
designer can then attempt to remedy these issues by adding additional features to the design. By
doing this a better and safer product is created which benefits those making the product those
who will be using the product.
Social:
This project will have a social impact in that it will allow for faster prototyping at home which
decreases the design iteration time by a large amount. Due to the fact that a lot the PCB designs
and codes are open source, a wide variety of electronic circuit boards can now be completed by a
large variety of people from the convenience of their home. This would allow people who are
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not engineers to complete projects that before would require an electrical engineering education.
With the emergence of technologies like 3D printing, a PCB machine of this nature would
simply add to the collection of devices that everyday people could use to create emerging
technologies right in their own home.
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8. Summary
There are four main stages in the PCB production process. The stages are milling out the
electrical traces, dispensing the solder paste, placing the components, and solidifying the solder
paste with a reflow process. The goal of our project is to combine these four processes into one
machine to create a true all-in-one PCB prototyping platform. The goals of the project are to
decrease not only the cost of printing a circuit board, but also the iteration time, meaning that
boards can be designed and printed on the spot and there is no need to send them away to a
fabrication house. Our potential customers include electrical engineers, hobbyists, as well as
students. Currently, PCB printing machines cost too much to purchase for that market, and the
long run price to send the boards to a fabrication house exceeds the cost of our machine after 3
years. By no means are we trying to create higher quality PCBs than one could get from a
fabrication house, rather our goal was to create a machine that can quickly build a PCB on the
spot. This way, the designer can instantly test whether their design works or not. This allows
engineers designing printed circuit board assemblies to vastly speed up the time between each
iteration of their design, allowing more innovation to take place in a shorter period of time.
Once the design is finalized, it can be sent to a fabrication house for large-scale production.
Currently our machine is capable of milling out the copper traces, picking up and placing various
components and reflow soldering the components onto the board. We have accomplished this by
refurbishing an old Protomat 91s CNC milling machine for printing the PCBs and purchasing an
old Seiko D-Tran TT8030 robot arm for coordinating the movements for the pick and place and
solder dispensing processes. We have custom built the vacuum pick and place toolhead and
prototyped a solder dispensing toolhead for the robot arm. For the process of reflow soldering
we have utilized an infrared heat lamp working on a specific duty cycle to solidify the solder
paste without compromising the components. Unfortunately, where the project is now, it is not
fully autonomous and still requires more user interaction than we would like. Due to a lack of
time, manpower, and money, we could not take the project as far as we had hoped, however we
have a plan on how to improve on these issues if a team decides to work on this in the future. A
future group would either improve upon the solder dispenser design or buy an EFD solder
dispenser and continue the automation process by adding a PS2 keyboard emulator through the
Arduino. With these plans put into action, we believe that a platform would be created that
would allow a user to fully prototype a PCB on one platform with as little user interaction as we
see it to be possible. As most of the changes left relate to software though, we feel that the
hardware created is an amazing first design iteration for a project with such a large scope and
level complexity as this. The entire platform can be seen on the next page in figure 8.1.
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Figure 8.1: Complete PCB Prototyping Platform
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Appendix A - Detailed Calculations

A.1: Calculations to Determine Stepper Motor Distance with Varying Syringe Diameters

A-1

A.2: Calculation to Find Velocity of Stepper Motor

A-2

A.3: Calculation for Required Pressure Difference to Pick Up Parts

A-3

A-4

A-5

A.7: Adjusted Power for Infrared Lamp
A-6

A.8: Adjusted Reflow Equations
A-7

A.9: Calculations for Suction Force of Each Nozzle

A-8

A.10: Power Screw Calculations

A-9

Appendix B - PDS
Machine Subsystem
Milling

Robotic Arm

Solder Dispensing

Elements/ Requirements

Units

Solder Reflow

Full Machine

Target/Range

Precision

mm

+/- 0.005[1]

+/- 0.005

Spindle RPM

RPM

20,000[1]

20,000

Working Area

mm2

68,000[1]

68,000

Cost

$

5,000

5,000

Accuracy (x,y,z)

mm

Precision (x,y,z)

mm

Speed

mm/min

Step Angle

Degrees

5.625[11]

1.8

64[11]

200

# of Steps

Component
Placement

Datum

Accuracy (x,y)

mm

N/A

0.1

Precision (x,y)

mm

N/A

0.2

Flow Rate

mm^3/s

N/A

0.15

Accuracy (x,y)

mm

N/A

0.1

Precision (x,y)

mm

N/A

0.2

Suction

kPa

9.81[12]

15

Camera

pixels

720[14]

720

Solenoid speed

seconds

N/A

0.5

Cost

$

3000[9]

216

IR Lamp Wattage

W

800[8]

727

Heating Area

mm2

9,600[8]

24,000

Reflow Time

s

240[Appendix H]]

255

Fan Flow Rate

m3/min

2[15]

2

Insulation Thermal Conductivity (Teflon)

W/(mK)

0.25[17]

0.25

Cost

$

1200[8]

387.04

PCB Prototyping Time

min

30

45

Cost

$

34,000[7],[8],[9]

7,000
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Appendix C - Detail, Assembly Drawings and Bill of Materials

C.1: PCB Prototyping Assembly Drawing
C-1

C.2: CNC Miller Assembly Drawing
C-2

C.3: Robot Arm Assembly Drawing
C-3

C.4: PCB Platform Cart Assembly Drawing
C-4

C.5: PCB Platform Cart Carriage Drawing
C-5

C.6: PCB Platform Steel Plate Drawing
C-6

C.7: Solder Dispenser Assembly Drawing
C-7

C.8: Solder Dispenser Housing Drawing

C-8

C.9: Solder Dispenser Carriage Drawing

C-9

C.10: Solder Dispenser Steel Shaft Drawing

C-10

C.11: Solder Dispenser Lead Screw Drawing
C-11

C.12: Pick & Place Assembly Drawing

C-12

C. 13: Pick & Place Nozzle Extender Drawing

C-13

C.14: Reflow Station Assembly Drawing
C-14

C.15: Safety Barrier Assembly Drawing
C-15

Subsytem

Component Description

Part #

Drawin
g Sheet
#

Robot Arm Controller

RA01

1

1

B

Robot Arm Screw

RA02

3

4

B

Robot Arm Washer

RA03

3

4

B

Robot Arm Nut

RA04

3

4

B

Robot Arm Assembly

RAA01

3

1

B

CNC Miller Vacuum

CNC01

1

1

B

Copper Board

CNC02

2

1

B

CNC Miller Assembly

CNCA01

2

1

B

Cart Particle Board top

C01

4

2

B

Cart Supporting Plate

C02

6

1

M

Cart Carriage

C03

5

1

B

Cart Bolt

C04

4

4

B

Cart Nut

C05

4

4

B

Cart Washer

C06

4

4

B

Cart Assembly

CA01

4

1

B

Case Carriage raw aluminum block
bought

SD01

9

1

M

Case Housing raw aluminum block
bought

SD02

8

1

M

5x5mm CNC Stepper Motor Flexible
Coupling Coupler

SD03

7

1

B

LSSSSR0250050FY12 Uncoated Lead
Screw

SD04

11

1

B

BFWFNR0250050BZ00 Flanged Round
Nut

SD05

7

1

B

Syringe Screw

SD06

7

2

B

Syringe Washer

SD07

7

2

B

SRA Low Temperature Lead Free Solder
Paste T3  35 Grams

SD08

7

1

B

303 Stainless Steel Rod

SD09

10

2

M

# of
items B/M/O

PCB Platform

Solder Dispenser

C-16

Solder Dispenser Assembly

SDA01

7

1

M

Nozzle Extender

PP01

13

1

M

Nozzle

PP02

12

1

B

Solenoid Valve

PP03

12

2

B

Vacuum Pump

PP04

1

B

Vinyl Tubing 1ft

PP05

1

B

Relay

PP06

1

B

Three Way Hose Adapter

PP07

1

B

Component Tray

PP08

1

B

Pick and Place Assembly

PPA01

12

1

M

Ceramic Infrared Heater

IH01

14

1

B

120 V Plug

IH02

1

B

12 V CPU Cooling FAN

IH03

1

B

Teflon Sheet

IH04

14

1

B

Reflow Station Assembly

IHA01

14

1

M

Square Tubing (Top Bar of Stand)

IH05

14

1

B

Square Tubing (Side Bar of Stand)

IH06

14

2

B

90 Degree Elbow

IH07

14

2

B

Flange

IH08

14

2

B

1/4" Hex Bolt

IH09

14

2

B

Nut

IH10

14

2

B

Stand Assembly

IHA02

1

M

Transformer

IH11

1

B

240 V Relay

IH12

1

B

5 V SPDT Relay

IH13

1

B

Safety Barrier Assembly

SA01

1

M

IR blocking Acrylic

S01

1

B

2X4

S02

2

B

2X4

S04

6

B

Hinge

S05

4

B

Pick and Place

Infrared Heater
and Stand

Safety

C-17

Plywood

S06

1

B

Plywood

S07

1

B

Plywood

S08

2

B

Relay for Safety Shutoff

S02

1

B

C.16: Bill of Materials
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Appendix D - Experimental Data
D.1: Pick and Place Resistor
Trial

Pick up

Drop off

1

Y

Y

2

Y

Y

3

Y

Y

4

Y

N

5

Y

N

6

Y

Y

7

Y

Y

8

Y

Y

9

Y

N

10

Y

Y

D.2: Pick and Place LED
Trial

Pick up

Drop off

1

Y

N

2

Y

N

3

Y

N

4

Y

Y

5

Y

Y

6

Y

Y

7

Y

N

8

Y

Y

9

Y

Y

10

Y

Y
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D.3: Pick and Place Switch
Trial

Pick up

Drop off

1

Y

Y

2

Y

Y

3

Y

Y

4

N

N/A

5

Y

Y

6

Y

Y

7

Y

Y

8

Y

Y

9

Y

Y

10

N

N/A

D.4: Pick and Place Battery Holder
Trial

Pick up

Drop off

1

Y

Y

2

Y

Y

3

N

N/A

4

Y

Y

5

Y

N

6

Y

Y

7

Y

Y

8

Y

Y

9

Y

Y

10

Y

Y
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D.5: Pick and Place Resistor (with release valve)
Trial

Pick up

Drop off

1

Y

Y

2

Y

Y

3

Y

Y

4

Y

Y

5

Y

Y

6

Y

N

7

Y

Y

8

Y

Y

9

Y

Y

10

Y

Y

D.5: Pick and Place LED (with release valve)
Trial

Pick up

Drop off

1

Y

Y

2

Y

Y

3

Y

Y

4

Y

Y

5

Y

Y

6

Y

N

7

Y

Y

8

Y

Y

9

Y

Y

10

Y

Y
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D.6: Pick and Place Switch (with release valve)
Trial

Pick up

Drop off

1

Y

Y

2

Y

Y

3

Y

Y

4

Y

Y

5

Y

Y

6

Y

Y

7

Y

Y

8

Y

Y

9

Y

Y

10

Y

Y

D.7: Pick and Place Battery Holder (with release valve)
Trial

Pick up

Drop off

1

Y

Y

2

Y

Y

3

Y

Y

4

Y

Y

5

Y

Y

6

Y

Y

7

Y

Y

8

Y

Y

9

N

N/A

10

Y

Y
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D.8: Heating Rate of Infrared Lamp at 100% When Cold

D.9: Heating Rate of Infrared Lamp at 100% When Warmed Up

D-5

D.10: Thermocouple Data for Ideal Reflow With Duties of 70%, 50%, 35% and 100%

D-6

D.11: Thermocouple Data for Adjusted Reflow With Duties of 80%, 55%, 40% and 100%

D-7

D.12: Reflow Cooling Data

D-8

Appendix E - Decision Matrix and Market Research Interviews

E-1

E-2

E-3

Interview with Student:
Have you ever designed a PCB before?
Yes
How many do you design and actually produce per year?
Only designed 1
How was the experience on assembling it vs. designing it?
I did not assemble it. I designed it and got it assembled by a company. Designing was
complicated to learn but easy once the learning process was over
What was the hardest/inconvenient part about assembling it?
N/A
Did you have your own prototyping tool (what did you use)?
No
Would you be more likely to produce more PCBs if the assembly process was easier?
Yes
If the school had an all-in-one PCB prototyping machine, would you use it?
Yes probably
Have you taken elen 192? Would having a prototyping machine make the PCB design easier in
that class?
It wouldn't make it easier since we didn't assemble it but it would be more convenient definitely
Would you be able to learn more if you actually saw the PCB being produced?
Possibly. It would be nice to be able to print out several design freely and test them without
having to go through the wait of getting it done by a company
How much would such a prototyping device be worth to you? (costs ~$100 per board)
Not sure I understand the question.
Would you want to design and produce more PCBs if you had the equipment for it available?
Yeah!
How important is the user interface? How technical could it be?
E-4

the user interface is key. There is A LOT of room for improvement here and the less technical,
the better! This would allow anyone to design one.
How accurate would you want such a machine to be?
as accurate as possible. There can be a lot of inductance/capacitance associated to poor accuracy
in PCB assembly so depending on the PCb's application, it can be very important
Interview with ELEN Professor
How does assembling PCBs in class work currently?
We have the students do it all by hand.
How many PCBs do students usually design throughout college?
All sophomore students design one, all junior students design one and about half of senior
students design one.
To what extent would you let students use a platform like ours?
I would still want students to have the experience of hand assembling PCBs at some point, but I
would encourage students to use your platform for personal project.
What is the most difficult part of the prototyping process for students?
Soldering.
How do seniors currently get their PCBs made?
They send them to fabrication houses which usually takes about a month as most students break
the design rules.
For what classes would you allow students to use our platform?
I would allow students for the junior design class use it after they learn to hand solder but I
would encourage senior design students to have their designs professionally made.
What type of user interface would you expect from the platform?
I would want it to be easy to understand but not to the extend where it would be spoon feeding
the process to students. I would want it to allow the student to have to choose from options.
What kind of accuracy do you expect?
I don’t expect a high level of accuracy as this is for prototyping, not a final product. Higher
accuracy could be needed though depending on the size of the part or component.
E-5
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Appendix F - Timeline, Gantt Chart, Budget and Business Plan Spreadsheets

F.1: Timeline for Year

F-1

F-2

F-3

F.4: Detailed Budget

F-4

F-5

F.5: Business Plan Spreadsheets (Monthly salaries, cost per unit)

F-6

Appendix G - Design Sketches

G.1: Sketch of PCB Machine

G.2: Sketch of Air Solder Dispenser

G.3: Sketch of Motor Solder Dispenser G.4: Placement of Solder Dispenser

G-1

G.5: Sketch of Bulb Infrared Toolhead

G.6: Sketch of Tube Infrared Toolhead

G-2

G.7: Sketch of Infrared Toolhead in Insulated Box

G.8: Sketch of Robot Arm

G.9: Sketch of Pick and Place Toolhead

G-3

G.10: Sketch of Optical Calibration for Component Placement

G-4

Appendix H - Information from Manufacturers

H.1: Specifications Sheet for Solder Paste

H-1

H-2

H.2 Specifications Sheet for Infrared Heater

H-3

H.3: Spec sheet for Relay
H-4

H.4: Protomat Specifications sheet

H-5

H.5: Solenoid Valve Specifications sheet

H-6

H.6: Nema 17 Specifications sheet

H-7

H.7: PowerSwitch Tail Specifications sheet

H-8

H.8: Arduino Specifications sheet

H-9

H.9: Specifications for cooling fan

H-10

H-11

H.10: Specifications for Stepper Motor Driver

H-12

H-13

H-14

H.11: Specifications and Mounting Instructions for Robot Arm

H-15

Appendix I - User Manual
This manual will help guide you through the process of using our PCB prototyping machine.
Exporting Your Design From CadSoft EAGLE
If you are not familiar with the process of exporting gerber files or centroid data from CadSoft
EAGLE, follow the steps below. If you are familiar with this process, simply export the gerber
files and run ULP to generate .mnt files.
Step 1: Open CAM Processor
In the Board view mode of EAGLE, choose File > CAM Processor or simply select the
CAM icon in the top left hand corner of the window, as shown below.

From here you can either define your own sections for file creation, or choose from a
predefined set. For simplicity we will do the later.

Step 2: Open A Predefined Job
From the CAM processor, choose File > Open > Job and browse to your /eagle/cam
folder. Open the file labelled “gerb274x.cam”. From here select Process Job to
generate your gerber files. You should now have generated 9 files, including .cmp, .drd,
.dri, .gpi, .plc, .pls, .sol, .stc, .sts.
Step 3: Run ULP
Run ULP by choosing File > Run ULP… or simply select the ULP icon in the upper
toolbar, as shown below.
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You should now have generate a .mnt file for your design.
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Copper Board Milling
This process will guide you through using CircuitCam 3.2 for translating gerber files to .lmd files
for export to BoardMaster for milling the copper traces on the LPKF Protomat 91s.
Step 1: Using CircuitCam 3.2 to Generate .lmd File
Transfer your Gerber files to the Windows 95 laptop connected to the LPKF Protomat
91s milling machine. Open up CircuitCam 3.2 and choose File > Import and select the
GTL file from the list of files in your gerber file folder. Your designed board should now
be displayed on the CircuitCam 3.2 software.
Highlight your entire design then isolate the component side and the solder side by
clicking the icon shown below.

Click the plotter icon to export an LMD file for the BoardMaster software, as shown
below.

You should be prompted to save you new LMD file. Keep note of this location as it will
be utilized by BoardMaster for milling the traces.

Step 2: Setting Up BoardMaster 3.0 and The Protomat 91s
Open up BoardMaster 3.0 on the same Windows 95 laptop. You will be prompted to
switch on the Protomat 91s at this time. If the machine does not connected, ensure that
Channel and the correct USB COM port are selected in the Configuration > Connect
tab.
Place a copper sheet on the Protomat 91s platform and set the boundaries of the
machine. Using the jog command arrow on the upper right, move the head of the milling
tip to the bottom right corner of the copper board. Now select Configuration >
Materials > Set Lower Corner. Jog the machine to the top left corner of the copper
board and select Configuration > Materials > Set Upper Corner. This has set the
working area for which the Protomat will mill.
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Step 3: Milling PCB Traces
Now that the working area has been set we can now begin the milling process. Import
the LMD file created by selecting File > Import and choosing the appropriate LMD file.
Once imported, the circuit board should be contained in the selected working area.
First turn on the vacuum connected to the milling tool head. This must always be on
when the milling process begins to prevent copper buildup when milling. Select All +
and then Start from the upper right hand of the toolbar to begin the milling process.

Once the milling process has completed, wipe any copper residue from the circuit board
and return the milling head to its original position by selecting Go To > Home
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Solder Dispensing/Pick and Place
Now that we have have finished the milling process we can continue with solder
dispensing and pick and place process.
Step 1: Generating PRG File
Using a computer with the loaded “FileConverter” Java program, select the .mnt file
generated from CadSoft EAGLE and place it in the same folder as the Java program.
From the Terminal app, navigate to this folder and run the program by typing
$ java FileConverter
into the command line.
You will be prompted to enter a filename for the file to be converted (disregard the .mnt
file extension) and then you will be prompted to name the new PRG file (disregard the
.prg file extension).
You should now have a new PRG file created with the given file name. This file contains
all of the instructions for the solder dispensing process and the pick and place process to
be executed by the Seiko DTran TT8030 robot arm. Save this file onto a thumb drive
to be transferred to the robot arm microcontroller.
Step 2: Executing the Solder Dispensing and Pick and Place Processes
First, power on the robot arm microcontroller and the computer monitor and insert the
thumb drive containing the PRG file into the USB  Floppy Disk converter on the
computer connected to the robot arm. Open the Seiko DarlSPC program and choose
File > Import and select your PRG file.
You can now compile your program by selecting Run > Build Job. Open up the Task
Manager and a prompt should open up with options for running a program.
Before selecting a program to run, ensure the smallest nozzle, nozzle 0, is attached to
the vacuum pick and place nozzle.
You can now run your program.
CAUTION: Make sure door stays closed at all times and that no one is inside of the
enclosement. If the door is opened the machine will shut off.
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Adding Components
If you wish to add/delete/edit components to the component list, navigate the folder
containing the Java program. The parts.txt file contains information regarding the
location of the component on the component tray (given in x, y, z, c coordinates), the
nozzle needed and the z coordinate for placing the component, in this order, separated
by a single space.
Name

xcoord

ycoord

zcoord

ccoord

nozzle

zplace

The solderPads.txt file contains information regarding the pad offsets from the center of
the component. This file is in the form of name followed by the total number of pads
then all of the x coordinates, a comma, followed by all of the corresponding y
coordinates.
Name

Total pad
count

xcoordinates
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,

ycoordinates

Reflow Soldering
Once the components have all been placed, we can now solder the components on to the
board.
Step 1: Transition To Reflow Station
Carefully remove the PCB from the Protomat 91s and place it on the reflow tray. The
more centered the PCB is under the IR heat lamp, the better the results will be.
Step 2: Initiate Reflow Process
Turn on and run the Arduino connected to the IR heat lamp.
CAUTION: Do not stare directly at the IR heat lamp or attempt to touch the area while
this process is running.
The lamp will run through multiple duty cycles for 255 seconds then will initiate a cooling
process for another 255 seconds. DO NOT TOUCH PCB UNTIL THE ENTIRE
PROCESS IS COMPLETE.
Once the fan has turned off the PCB is complete.
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Appendix J - Code
Java Code
/* PCB Prototyping: Solder Dispensing and Pick and Place code generation
*
* This program converts .mnt files, exported from cadSoft EAGLE, to .prg file for use on the
* Seiko D-Tran TT-8030 robot arm. The .mnt file contains the coordinates for the various components
* of the desired PCB layout and the two .txt file data repositories holds information about the pad
* offsets as well as the location for pickup for each component. In addition to these aspects, toolhead
* offsets and nozzle tips are accounted for in the code generation. The final output of this program is a
* single .prg file that will guide the robot arm through the process of dispensing the solder paste,
* picking up the desired components and placing the components in the appropriate locations on the
* platform.
*
*/

import java.io.*;
import java.util.Scanner;
public class FileConverter {
public FileConverter()
{}
public static void main(String args[]) throws IOException
{
//variable axis offsets for pick and place toolhead
int z_Axis = -105;
int x_offset = 274;
int y_offset = 243;
int c_offset = 0;
//variable axis offsets for solder dispensing toolhead
float x_offsetSD = 0;
float y_offsetSD = 0;
float SETcoordinateC = 0;

//default nozzle should be the smallest, labeled 0
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String nozzle = "0";
FileReader in = null;
FileWriter out = null;
Scanner read = new Scanner(System.in);
int lineCount = 10;
float coordinate = 0;
//variables for solder dispensing
float coordinatex = 0;
float coordinatey = 0;
float coordinatez = 0;
float coordinatec = 0;
String componentName;
String token = "";
String coordinateString = "";
String lineString = "";
String fileName;

//read in name of .mnt file with surface mount information
System.out.println("Enter name of file: ");
String input;
input = read.next();
input = input + ".mnt";
//enter name of output file
String output;
System.out.println("Enter name of new file: ");
output = read.next();
fileName = output;
output = output + ".PRG";
in = new FileReader(input);
out = new FileWriter(output);
//start converting .mnt file from cad to .prg file for robot arm
lineString = String.format("%04d",lineCount);
out.write(lineString + " FUNCTION " + fileName + "\n");
float[] xOffset;
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float[] yOffset;
float[] x_coords;
float[] y_coords;
int padNumber = 0;
float coordinateX = 0;
float coordinateY = 0;
float coordinateZ = -50;
float coordinateC = 0;
float coordinateXtemp = 0;
float coordinateYtemp = 0;

//read in parts and coordinates and apply offset for the pads for solder dispensing
try{
in = new FileReader(input);
int c;
c = in.read();
while(c != -1){
solder Disp = new solder();
solder Disp2 = new solder();
//read in part name;
while(c != 32)
{
token += (char) c;
c = in.read();
}
Disp = Disp2.findComponent(token);
token = "";

//reads x coordinate
c = in.read();
while(c == 32)
{
c = in.read();
}
while (c != 32) {
coordinateString += (char)c;
c = in.read();
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}
coordinateX = Float.parseFloat(coordinateString);
coordinateString = "";
//reads y coordinate
c = in.read();
while(c == 32)
{
c = in.read();
}
while (c != 32) {
coordinateString += (char)c;
c = in.read();
}
coordinateY = Float.parseFloat(coordinateString);
coordinateString = "";
//reads C coordinate
c = in.read();
while(c == 32)
{
c = in.read();
}
while(c != 32)
{
coordinateString += (char)c;
c = in.read();
}
coordinateC = Float.parseFloat(coordinateString);
coordinateString = "";

//reads rest of part name from .mnt file. This is not used
c = in.read();
while( c != 10 && c != -1)
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{
c = in.read();
}
c = in.read();

//prints jump commands to new output file
for(int i = 0; i < Disp.getNumber(); i++)
{
coordinateXtemp = coordinateX + Disp.getPads_x(i) + x_offsetSD;
coordinateYtemp = coordinateY + Disp.getPads_y(i) + y_offsetSD;
lineCount = lineCount + 10;
lineString = String.format("%04d",lineCount);
out.write(lineString + " JUMP " + coordinateXtemp + ", " + coordinateYtemp + ", " +
coordinateZ + ", " + SETcoordinateC + "/L\n");
lineCount = lineCount + 10;
lineString = String.format("%04d",lineCount);
out.write(lineString + " WAIT 4\n");

}

}
}

finally{
if (in != null) {
in.close();
}
}

//pick and place code generation
in = new FileReader(input);
try {
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int c;
c = in.read();
while (c != -1)
{
partClass part = new partClass();
partClass part2 = new partClass();

//reads in part name, must first be picked up from component tray
while (c != 32) {
token += (char)c;
c = in.read();
}
lineCount = lineCount + 10;
lineString = String.format("%04d", lineCount);
out.write(lineString + " WAIT 3\n");
part2 = part.findPart(token);
//check to see if current nozzle matches nozzle needed
if (!part2.getNozzle().equals(nozzle))
{
lineCount = lineCount + 10;
lineString = String.format("%04d", lineCount);
out.write(lineString + " PAUSE\n");
nozzle = part2.getNozzle();
}

//pick up component from component tray
lineCount = lineCount +10;
lineString = String.format("%04d",lineCount);
out.write(lineString + " JUMP " + part.getX() + ", " + part.getY() + ", " + part.getZ() + ", " +
part.getC() + "/L\n");
token = "";
lineCount = lineCount + 10;
lineString = String.format("%04d", lineCount);
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out.write(lineString + " WAIT 3\n");
lineCount = lineCount + 10;
lineString = String.format("%04d",lineCount);
out.write(lineString + " JUMP ");
//reads x coordinate
c = in.read();
while(c == 32)
{
c = in.read();
}
while (c != 32) {
coordinateString += (char)c;
c = in.read();
}
coordinate = Float.parseFloat(coordinateString);
coordinate = coordinate + x_offset;
out.write(coordinate + ", ");
coordinateString = "";

//reads y coordinate
c = in.read();
while(c == 32)
{
c = in.read();
}
while (c != 32) {
coordinateString += (char)c;
c = in.read();
}
coordinate = Float.parseFloat(coordinateString);
coordinate = coordinate + y_offset;
out.write(coordinate + ", ");
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coordinateString = "";
out.write(part.getZp() + ", ");
part = null;
part2 = null;
//reads C coordinate
c = in.read();
while(c == 32)
{
c = in.read();
}

while(c != 32)
{
coordinateString += (char)c;
c = in.read();
}
coordinate = Float.parseFloat(coordinateString);
coordinate = coordinate + c_offset;
out.write(coordinate + "/L\n");
coordinateString = "";

//reads rest of part name from .mnt file. This is not used
c = in.read();
while( c != 10 && c != -1)
{
c = in.read();
}
c = in.read();
}
lineCount = lineCount + 10;
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lineString = String.format("%04d",lineCount);
out.write(lineString + " FEND");

}
finally {
if (in != null) {
in.close();
}
if (out != null) {
out.close();
}
}
}
}
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/*
* This program reads from the solderPads.txt file. This file contains the offsets for the pads for the
* various components used in PCB manufacturing. The .txt file is stored in the form of all x offsets
followed
* by all y offsets.
*
*/
import java.io.*;
import java.util.Scanner;
public class solder{

String _name;
int number;
float[] padOffsets_x;
float[] padOffsets_y;
public solder()
{
}
public float getPads_x(int i)
{
return padOffsets_x[i];
}
public float getPads_y(int i)
{
return padOffsets_y[i];
}
public int getNumber()
{
return number;
}

//searches .txt file for desired component and returns object with relevevant pad information.
public solder findComponent(String part) throws IOException
{
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String token = "";
String padNumber = "";
int numberOfPads;

FileReader in = null;
boolean partFound = false;
try {
in = new FileReader("solderPad.txt");
int c;
c = in.read();
while(c != -1)
{
//look for part name
while(c != 32 && c != -1)
{
token += (char)c;
c= in.read();
}

//if part found, return relevent information
if(part.equals(token))
{
_name = part;
partFound = true;
c = in.read();
while(c!=32)
{
padNumber += (char) c;
c = in.read();
}
numberOfPads = Integer.parseInt(padNumber);
number = numberOfPads;
padOffsets_x = new float[numberOfPads];
padOffsets_y = new float[numberOfPads];
//set up array with pad offsets
//get xoffsets first
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for(int i = 0; i < numberOfPads; i++)
{
token = "";
c = in.read();
while(c!=32 && c != 44)
{
token += (char) c;
c = in.read();
}
padOffsets_x[i] = Float.parseFloat(token);
}
c = in.read();
for(int i=0;i<numberOfPads;i++)
{
token = "";
c = in.read();
while(c!=32 && c != -1 && c != 10)
{
token += (char) c;
c = in.read();
}
padOffsets_y[i] = Float.parseFloat(token);
}

c = -1;
}
else{
while(c != 10 && c != -1)
{
c = in.read();
}
c = in.read();
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partFound = false;
token = "";
}
}
}
finally{
if(in != null)
{
in.close();
}
if(partFound = true)
{
return this;
}
else
{
System.out.println("component " + part +" not found in solder pad inventory \n");
return null;
}
}
}
//test code for solder pad code generation.
public static void main(String args[]) throws IOException
{
solder disp1 = new solder();
solder disp2 = new solder();
disp1 = disp2.findComponent("R2");
float[] pads = new float[disp1.getNumber()];
float[] padsy = new float[disp1.getNumber()];
for(int i = 0; i < disp1.getNumber(); i++)
{
pads[i] = disp1.getPads_x(i);
padsy[i] = disp1.getPads_y(i);
}
for(int i = 0; i < disp1.getNumber(); i++)
{
System.out.println(pads[i] + ", " + padsy[i]);
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}
}

}
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/*
* Object class that contains component name and coordinates in tray. Reads and writes to parts.txt
* for information. Information is stored in the form of name, x coordinate, y coordinate, c coordinate,
* z coordinate to be placed, and nozzle tip.
*
*/
import java.io.*;
public class partClass {
String _name;
String x_position;
String y_position;
String z_position;
String c_position;
String z_placement;
String nozzle;
public partClass()
{
_name = "none";
x_position = "0";
y_position = "0";
z_position = "0";
c_position = "0";
z_placement = "0";
nozzle = "0";
}
public partClass(String name, String x, String y, String z, String c, String zp, String noz )
{
_name = name;
x_position = x;
y_position = y;
z_position = z;
z_placement = zp;
nozzle = noz;
}
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public String getName()
{
return _name;
}
public String getX()
{
return x_position;
}
public String getY()
{
return y_position;
}
public String getZ()
{
return z_position;
}
public String getC()
{
return c_position;
}

public String getZp()
{
return z_placement;
}
public String getNozzle()
{
return nozzle;
}

//finds certain component by name and returns object with coordinates
public partClass findPart(String name) throws IOException
{
String x = "";
String y = "";
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String z = "";
String z_place = "";
String c_ax = "";
String token = "";
String noz = "";
FileReader in = null;
boolean partFound = false;
try {
in = new FileReader("parts.txt");
int c;
c = in.read();
while(c != -1)
{
//look for component name
while(c != 32 && c != -1)
{
token += (char)c;
c= in.read();
}
//if component found, create object from the information stored in file
if(name.equals(token))
{
_name = name;
partFound = true;
c = in.read();
while(c!=32)
{
x += (char) c;
c = in.read();
}
c = in.read();
while(c!=32)
{
y += (char) c;
c = in.read();
}
c = in.read();
while(c!=32)
{

J-17

z += (char) c;
c = in.read();
}
c = in.read();
while(c!=32 && c != -1 && c != 10)
{
c_ax += (char) c;
c = in.read();
}

c = in.read();
while(c!=32 && c != -1 && c!= 10)
{
z_place += (char) c;
c = in.read();
}
c = in.read();
while(c!=32 && c != -1 && c != 10)
{
noz += (char) c;
c = in.read();
}

x_position = x;
y_position = y;
z_position = z;
c_position = c_ax;
z_placement = z_place;
nozzle = noz;
c = -1;
}

else{
while(c != 10 && c != -1)
{
c = in.read();
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}
c = in.read();
partFound = false;
token = "";
}

}
}
finally{
if(in != null)
{
in.close();
}
if(partFound = true)
{
return this;
}
else
{
System.out.println("component " + name +" not found in inventory \n");
return null;
}
}
}

}
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Arduino Code: Solder Paste Dispenser and Pick and Place
#define TDELAY 50
const int STEP = 13;
const int DIR = 12;
const int EN = 11;
const int M0 = 10;
const int M1 = 9;
const int SLP = 8;
const int Solenoid=3;
float posit = 0;
void setup() {
// initialize serial:
Serial.begin(9600);
// make the pins outputs:
pinMode(STEP, OUTPUT); //STEP
pinMode(DIR, OUTPUT); //DIR
pinMode(EN, OUTPUT); //EN
pinMode(M0, OUTPUT); //M0
pinMode(M1, OUTPUT); //M1
pinMode(SLP, OUTPUT); //SLP
digitalWrite(M0, HIGH); //M0 and M1 determine the desired microstepping
digitalWrite(M1, HIGH);
digitalWrite(EN, LOW);
//EN low and SLP high turns on the driver
digitalWrite(SLP, HIGH);
digitalWrite(Solenoid, LOW);
Serial.println("Running...");

}
void loop() {
// if there's any serial available, read it:
while (Serial.available() > 0) {
// look for the next valid integer in the incoming serial stream:
int direc = Serial.parseInt();
// do it again:
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float stepnum = Serial.parseFloat();
// look for the newline.
if (Serial.read() == '\n') {
if (direc==0)
{
digitalWrite(DIR, HIGH);
for (int i=0; i<stepnum; i++)
{
digitalWrite(STEP, HIGH);
delayMicroseconds(TDELAY);
digitalWrite(STEP, LOW);
delayMicroseconds(TDELAY);
posit++;
}
Serial.print("Position: ");
Serial.println(posit);
}
else if (direc==1)
{
digitalWrite(DIR, LOW);
for (int i=0; i<stepnum; i++)
{
digitalWrite(STEP, HIGH);
delayMicroseconds(TDELAY);
digitalWrite(STEP, LOW);
delayMicroseconds(TDELAY);
posit--;
}
Serial.print("Position: ");
Serial.println(posit);
}
else if (direc==2)
{
if(Solenoid==HIGH){
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digitalWrite(Solenoid, HIGH);}
else{
digitalWrite(Solenoid, LOW);
}
}
}
}
}

Arduino Code: Reflow Soldering
int Lamp = 13;
int Fan = 12;
//number of cycles = desired cycle time / cycleTime
float duty0=.80, duty1 = .55, duty2=.40, duty3=1, cycleTime = 5000, cookTime0= 90000, cycles0=18,
cycles1= 18, cycles2=6, cycles3=9, onTime0, offTime0, onTime1, offTime1, onTime2, offTime2,
onTime3, offTime3;
int on0, off0, on1, off1, on2, off2, on3, off3;
void setup() {
// put your setup code here, to run once:
Serial.begin(9600);
pinMode(Lamp, OUTPUT);
pinMode(Fan, OUTPUT);
digitalWrite(Fan, LOW);
onTime0 = duty0 * cycleTime;
offTime0 = cycleTime - onTime0;
on0 = (int) onTime0;
off0 = (int) offTime0;
//1st cycle
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onTime1 = duty1 * cycleTime;
offTime1 = cycleTime - onTime1;
on1 = (int) onTime1;
off1 = (int) offTime1;
//2nd cycle
onTime2 = duty2 * cycleTime;
offTime2 = cycleTime - onTime2;
on2 = (int) onTime2;
off2 = (int) offTime2;
//3rd cycle
onTime3 = duty3 * cycleTime;
offTime3 = cycleTime - onTime3;
on3 = (int) onTime3;
off3 = (int) offTime3;
/*
Serial.println(on1);
Serial.println(off1);
Serial.println(on2);
Serial.println(off2);
Serial.println(on3);
Serial.println(off3);
*/
//90 second constant heat
//digitalWrite(Lamp, HIGH);
//delay(cookTime0);
for(int i=0; i<cycles0; i++){
digitalWrite(Lamp, HIGH);
delay(on0);
digitalWrite(Lamp, LOW);
delay(off0);
}
//1st duty cycle
for(int i=0; i<cycles1; i++){
digitalWrite(Lamp, HIGH);
delay(on1);
digitalWrite(Lamp, LOW);
delay(off1);
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}

for(int i=0; i<cycles2; i++){
digitalWrite(Lamp, HIGH);
delay(on2);
digitalWrite(Lamp, LOW);
delay(off2);
}
for(int i=0; i<cycles3; i++){
digitalWrite(Lamp, HIGH);
delay(on3);
digitalWrite(Lamp, LOW);
delay(off3);
}
digitalWrite(Lamp, LOW);
delay(5000);
digitalWrite(Fan, HIGH);
delay(250000);
}

void loop() {
// put your main code here, to run repeatedly:

}
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